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Abstract

Abstract
Downsizing and atomically dispersing metal species particles on a carrier substrate
has emerged as a new frontier of heterogenous catalysis, which can achieve maximize
the utilization efficiency of metal element, in structures such as single atom catalysts
(SACs), dimer, cluster and nanoparticle catalysts. Moreover,benefitting from the
optimized geometric and electronic structure, the adsorption and desorption ability for
different reaction intermediates can be optimized. Over the past decades, numerous
atomic-level electrocatalysts have been designed and successfully applied in the field
of electrocatalysis, including nitrogen reduction reaction (NRR), hydrogen evolution
rection (HER), oxygen reduction reaction (ORR), oxygen evolution reaction (OER) etc.
In addition, with the advancement of characterization technologies and quantum
computational chemistry, such as scanning transmission electron microscopy (STEM),
X-ray absorption spectroscopy (XAS) and density functional theory (DFT), the atomic
structure of catalytic sites and reaction mechanisms during reactions has been revealed
and provides guidance for the further rational design of atomic-level electrocatalysts.
However, catalytic performance is highly sensitive to the coordination environment of
active metal sites, thus optimizing the electronic structure of the metal centre by
introducing a properly-coordinated atom is essential for good catalytic performance.
Moreover, for different complex reactions or dual-metal catalysts, there remains
substantial room for exploring the actives sites and real reaction mechanisms. Herein,
three strategies have been developed for designs of three kinds of atomic-level
electrocatalysts for specific reactions.
I
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For the NRR system, the catalytic performance and Faradaic efficiency is limited by
the competing HER reaction and other side reactions. To address the issue of low yield
rate and low efficiency, a dual-metal FeMo dimer was dispersed on a nitrogen-doped
carbon layer (denoted as FeMo@NG) to accelerate the NRR kinetics and circumvent
the HER. The dual-metal catalytic centre was investigated by STEM, XAS and DFT
and the NRR performance was evaluated by a electrochemical method. Surprisingly,
the FeMo dimer catalysts exhibit higher catalytic activity than their Fe or Mo single
atom counterparts owing to a combination of ligand, geometric and synergistic effects,
with a yield rate of 14.95 µg h-1 mg-1 at -0.4 V (vs. RHE) and a Faradaic efficiency of
41.7 % at -0.2 V (vs. RHE). Based on experimental and simulated results, the FeMoN6
(FeMoN6 ??) was identified as the real active site for further mechanism study. The
DFT result further reveals that FeMoN6 active sites can not only weaken N≡N bonds,
but also efficiently catalyses nitrogen reduction through the distal pathway without
N2H4 formation.
For the HER system, the molybdenum disulphide (MoS2) with transition metal
doping has been regarded as a promising strategy to improve the hydrogen evolution
reaction (HER) performance. However, the real contribution of the extrinsic metal atom
for the catalytic performance enhancement is not yet clear. Herein, a Pt doped MoS2
(denoted as Pt@MoS2) was developed by a cycling-potential method as the advanced
HER catalyst, which achieve a two-third decrease in η10 by comparison to the pristine
MoS2. The contribution of Pt atom in 1T MoS2 towards HER is revealed. Theoretical

II

Abstract

results reveal that S atom adjacent to Pt act as optimal active sites with modulated
electronic structure, more favourable for HER than pristine MoS 2
The third stage of this research work explores highly efficient and multifunctional
electrocatalyst, which are attracting much more attention and playing an important role
in realizing clean energy conversion and storage. To optimize the electronic structure
of ruthenium (Ru) and balance the ability of adsorption/dissociation of reaction
intermediates, an atomic RuFe core-shell structure was constructed and homogeneously
dispersed within nitrogen(N)-doped carbon layers (denoted as RuFe-N@NG). Owing
to the optimized d-band centre of Ru and synergistic effect of FeNxCy, the resulting
RuFe-N@NG exhibits superior trifunctional activity, including excellent HER, ORR
and OER performance, which is far exceeding the state-of-the-art bifunctional
electrocatalyst PtC. Furthermore, DFT calculations reveal that the Ru-centre served as
the intrinsic HER active sites and Fe-edge served as the real ORR and OER active sites.
This Ru-Fe core shell structure not only opens a new way for future material design,
but also gives new insight for exploring the real active sites of highly efficient
multifunctional electrocatalysts.
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Figure 1-1. (a) Energy related CO2 emissions between the 1990 and 2019. (b) Global energy demand
variation by sector, (unit: quadrillion BTUs). (c) Global energy mix shifts to lower-carbon fuels (unit:
quadrillion BTUs).1
Figure 1-2. Geometric and electronic structures of single atom, clusters, and nanoparticles.2
Figure 2-1. Basic principle for electrocatalyst design. (a) Illustration of the way the electronic structure
is the link between the geometric structure of the material and its catalytic activity.3 (b) Illustration of the
Sabatier principle. (c) Scheme of orbital hybridization of valence band from active sites and adsorbates
bonding orbitals.4
Figure 2-2. (a) Three kinds of possible NRR mechanisms. (b) NRR process over the MnxNy.
Figure 2-3. (a) Calculation models for Mo-embedded BN monolayer. (b) Schematic depiction of three
mechanisms for NRR on the Single Mo-doped BN Monolayer. (c) Atomic structure of single metal atom
doped in C3N4. (d) Metal considered for screening. A blue area indicates that the highlighted element has
got corresponding experimental eNRR result. (e) Atomic models of NRR reaction via a distal pathway.5
Figure 2-4. (a) Schematic illustration of the synthetic process of Ru SAs/N-C. (b) EXAFS spectra for Ru
SAs/N-C, Ru NPs/N-C, Ru(acac)3, RuO2, and Ru foil, inset: magnified HAADF-STEM image of Ru
SAs/N-C.6 (c) Optimized structure for Ru@Zr32O63 and Ru/NC2. Free-energy diagram for Nitrogen
reduction on (d) Ru@Zr32O63 and (e) Ru@NC2, respectively.7 (f) Magnified HAADF-STEM images of
Au1/C3N4 reveals isolated Au atoms atomically dispersed on C3N4. (g) Charge density difference of
Au1/C3N4 due to the introducing of Au atom. Cyan stands for electron accumulation and pink stands for
electron depletion. (h) Optimized structures of various intermediates (*NNH, *NHNH, *NHNH,
*NH2NH2, *NH2) for NRR proceeding on Au1/C3N4 via the alternating pathway.8
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Figure 2-5. (a) Optimized structures of the monolayer C2N, TM-C2N, and TM2-C2N. Red and yellow
shadows indicate the electron accumulation and depletion, respectively. (b) Free energy diagram of
electrochemical N2 reduction on Mn-C2N and Mn2-C2N.9
Figure 2-6. (a) The energy profile of HER for Au, Pt, Ni, Mo, the MoS2 edge, PtBi and the active site in
hydrogenase and nitrogenase.3, 10 (c) STEM images of Pt–Ru dimers/NCNTs. Scale bars, 5 nm. Leftbottom inset is the atomic structure of Pt–Ru dimers/NCNTs.11
Figure 2-7. (a) The calculation model for V-Co4N (111). (b) Free energy profile for HER over the V-Co4N
and Co4N. (c) The DOS of Co4N and V- Co4N, and the corresponding bonding state between the active
site and reactants. (d) The LSV curves of W-Co4N and Mo-Co4N.12
Figure 2-8. Optimized atomic structure of (a) Mo2TiC2O2, (b) Mo2TiC2O2-PtSA and (c) The charge
density difference between Mo2TiC2O2 and Mo2TiC2O2-PtSA. (d) The PDOS of Mo2TiC2O2 and
Mo2TiC2O2-PtSA. (e) The free energy profile of HER for Pt/C, Mo2TiC2O2 and Mo2TiC2O2-PtSA.13
Figure 2-9. (a) ORR activity versus the oxygen binding energy.14 (b) Trends in ORR activity plotted as a
function of the experimentally measured d-band center relative to Pt. The ORR activity evaluated from
DFT simulations and experiment result are recorded in black and red line, respectively.15 (c) The PDOS of
the metal atoms in Fe-SAs/NSC, Co-SAs/NSC, Ni-SAs/NSC, with the aligned Fermi level; (d) The
reaction steps of ORR over the Fe-SAs/NSC.16
Figure 2-10. (a) Illustration of preparation process of Co SAs/NC.17 (b) The formation of Fe-SAs/NPSHC.18
Figure 2-11. The charge density distribution over (a) FeN4, (b) FeCoN5, (c) FeCoN5-OH; Blue and red
indicates the charge density increases and decreases, respectively. The calculated Fe 3d PDOS (d) before
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and (e) after OH* adsorption. (f) Redox potential of M (2+/3+) (M=Fe or Co) over FeN4, Fe2N5-OH,
FeCoN5-OH and CoN4.19
Figure 2-12. (a) Illustration of preparation process of HCM@Ni-N.20 (b) Schematic illustration of the
synthetic strategy for CoNi-SAs/NC.21 (c) DFT calculated VPH transformation reaction energy of β-Mo2C
to 2H-MoS2; (d) Side and top views of the optimized stable structure of Co covalently doped MoS2 with a
Mo/Co ratio of 8:1 (green, yellow, and blue balls, respectively, represent Mo, S, and Co).22
Figure 2-13. (a) The electronic structure of a Ru atom before and after oxygen adsorption. (b) Electron
density distribution of O-Ru1-N4, the light green and yellow area represents the electron deletion and
accumulation, respectively. (c) Schematic of the whole OER mechanism on Ru-N-C catalyst in the acidic
electrolyte. The balls in grey, blue, red, white, and light green represent C, N, O, H, and Ru atoms,
respectively.23
Figure 3-1. The general procedure of this thesis project.
Figure 4-1. Schematic illustration of synthesis and structure of MoFe@NG prepared via the template
pyrolysis method at high-temperature.
Figure 4-2. XRD patterns of MoFe@NG, Mo@NG, Fe@NG, and NG.
Figure 4.3. SEM images of MoFe@NG, Mo@NG, Fe@NG, and NG.
Figure 4-4. TEM images and corresponding schematic illustrations for a) NG, b) Mo@NG, c) Fe@NG,
and d) MoFe@NG. N atoms: dark blue; Mo atoms: grey; Fe atoms: light blue.
Figure 4-5. (a) Schematic illustrations of Fe and Mo atoms co-dispersed on nitrogen-doped graphene (N
atoms: dark blue, Mo atoms: grey, Fe atoms: light blue); (b) TEM image, (c) LVACTEM image; and (de) HAADF-STEM images of FeMo@NG.
Figure 4-6. Raman spectra of MoFe@NG, Mo@NG, Fe@NG, and NG.
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Figure 4-7. (a-c) STEM image and corresponding element distributions of FeMo@NG; (d) EELS
spectrum (enlargements in insets) collected from the selected area in (a); (e-h) elements distributions in a
small area.
Figure 4-8. XPS spectra of a) C 1s b) N 1s c) Fe 2p and d) Mo 3d of MoFe@NG; e) The normalized
XANES spectra at the Mo K-edge of the MoFe@NG, MoO3 and Mo foil. The inset shows the enlarged
spectra at the Mo K-edge; f) The normalized XANES spectra at the Fe K-edge of MoFe@NG, Fe2O3 and
Fe foil. The inset shows the enlarged spectra at the Fe K-edge.
Figure 4-9. XPS quantitative analysis of quaternary N, pyridinic N/N-Fe, pyrrolic N, oxidized N and NMo on NG, Mo@NG, Fe@NG, and MoFe@NG obtained from survey spectra.
Fig. 4-10. XPS spectra (a) N 1s of MoFe@NG, Mo@NG, Fe@NG, and NG; (b) Mo 3d of MoFe@NG
and Mo@NG; and (c) Fe 3p of MoFe@NG and Fe@NG.
Figure 4-11. (a) Schematic illustration of the electrocatalytic reactor for N2 conversion to NH3; (b) LSV
curves collected under Ar and N2-saturated electrolyte; (c) Chronoamperometric curves of FeMo@NG at
different applied potentials; (d) UV-Vis absorption spectra of electrolyte with salicylic acid after charging
under different applied potentials; (e) Yield of NH3 and Faradaic efficiency at different potentials for
MoFe@NG; (f) The NH3 yield rates and (g) the Faradic efficiencies of MoFe@NG, Fe@NG, Mo@NG,
and NG at different potentials.
Figure 4-12. Comparative HER polarization curves for 20% PtC, Fe@NG, Mo@NG, MoFe@NG, and
NG collected in Ar-saturated 0.1 M KOH electrolyte.
Figure 4-13. UV-Vis absorption spectra of electrolyte with salicylic acid after charging under different
applied potentials. a) NG, b) Mo@NG, c) Fe@NG. The yield rate of NH3 and FE at different potentials for
b) NG, d) Mo@NG, f) Fe@NG.
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Figure 4-14. UV–vis absorption spectra of the electrolyte after charging at -0.2 V versus RHE by using N2
and Ar.
Figure 4-15. Watt and Chrisp method for N2H4.H2O quantification. (a) UV-vis curves and (b) calibration
curve of various N2H4.H2O concentrations. The absorbance at 457 nm was measured by a UV-vis
spectrophotometer. The standard curve showed a good linear relation for absorbance with the NH4+ ion
concentration (y = 0.6166X + 0.00457, R2 = 0.999). The inset in (b) shows the chromogenic reaction of
para-dimethylamino-benzaldehyde indicator with N2H4ꞏH2O, showing that no hydrazine was detected for
FeMo@NG at -0.4V vs. RHE.
Figure 4-16. Cyclic voltammograms for the synthesized samples; a) NG, b) Mo@NG, c) Fe@NG, and d)
MoFe@NG. (e) The charging current density difference plotted against scan rate.
Figure 4-17. Five possible structures of FeMo@NG were considered based on the relative positions of Fe
and Mo atoms with corresponding formation energies.
Figure 4-18. Free-energy diagrams for N2 reduction through alternating (blue) and distal (red) mechanisms
on (a) FeN4 and (b) MoN4. (c) The possible structure for Fe and Mo relative positions supported on
FeMo@NG. (d) Free-energy diagrams for N2 reduction through alternating and distal mechanisms, and (e)
corresponding structures of the reaction intermediates on FeMoN6. Gray, cyan, yellow, blue, and white
balls, and * represent the C, Mo, doped/adsorbed N atoms, H, and adsorption site, respectively.
Figure 4-19. Free-energy diagrams for N2 reduction through (top) distal and (bottom) alternating pathways
as well as the corresponding structures of the reaction intermediates over Fe@NG. Gray, blue, purple, and
white balls represent the C, N, Fe, and adsorbed H atoms, respectively.
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Figure 4-20. Free-energy diagrams for N2 reduction through the (top) alternating and (bottom) distal
pathways as well as the corresponding structures of the reaction intermediates over the Mo@NG. Gray,
blue, cyan, and white balls represent the C, N, Mo, and adsorbed H atoms, respectively.
Figure 5-1. Formation of Pt doped MoS2. (a) Diagram of HER process over the Pt@MoS2 along with more
Pt atoms doping in the MoS2. (b) Illustration of the electrochemical doping process of Pt@MoS2 using Pt
wire as the counter electrode. (c) XRD spectra of MoS2 with different cycling number and carbon paper.
(d) Raman spectrum of MoS2 with different number of cycles. (e) TEM images of Pt@MoS2. (f) STEMEDS element mapping of Pt@MoS2, Scale bar: 100 nm. (g) STEM images for Pt@MoS2, these bright
contrast spots are attributed to Pt atoms.
Figure 5-2. SEM images of MoS2 after successive cycling. (a) initial MoS2, (b) after 500 cycling, (c) after
1000 cycling, (d) after 2000 cycles. Scale bar: 1 μm. There is no Pt-related nanoparticle observed in MoS2
for four stages.
Figure 5-3. TEM images of MoS2 after successive cycling numbers using the Pt wire as the counter
electrode. (a) initial MoS2, (b) after 500th cycle, (c) after 1000th cycle, (d) after 2000th cycle. After 2000
cycles, there are obvious Pt nanoparticles dispersed on the MoS2.
Figure 5-4. Magnified TEM images of MoS2 after successive cycling. (a) initial MoS2, (b) after 500 cycling,
(c) after 1000 cycles, (d) after 2000 cycles. Interestingly, after 1000 cycles, the interlayer spacing of MoS2
increase from 6.2 Å to 7.3 Å. The slight increase of spacing suggests that the Pt atom may be intercalated
into MoS2 host, accompanying by changes in both the geometric and electronic structure of MoS2. But after
2000 cycling, there are obvious 2 nm of Pt clusters being observed on the surface of MoS2.
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Figure 5-5. (a) TEM images of MoS2 after 1000 cycles, and (b) corresponding EDS spectrum. Besides the
S and Mo element, the signal located at ~10 keV is belong to Pt La, which indicates the potential cycling
process introduces the Pt atom into the MoS2 host. And the Pt content is about 3 at.%.
Figure 5-6. HER performance of Pt@MoS2. (a) LSV curves, and (b) corresponding Tafel slops of 20%
PtC and MoS2 with different cycling numbers. (c) Stability measurements for Pt@MoS2 using accelerated
degradation tests (1000 cycles, 100 mV s−1, without iR correction); inset, the chronoamperometry curve of
Pt@MoS2 at -0.16V vs. RHE. (d) Comparison of Tafel slope and overpotential (10 mA cm−2) for various
MoS2 catalysts in acid media. Values were plotted from other references (Table 5-1).
Figure 5-7. (a) Electrochemical impedance spectroscopy Nyquist plots for MoS2 samples with different
cycling numbers. (b) ZCT vs. cycling numbers. Electrochemical impedance spectroscopy (EIS) was
performed to learn the electrode kinetics of HER. In all the Nyquist plots, a semicircle was observed in the
low frequency region, indicating the kinetic control in the electrode process. The equivalent circuit was used
to model the catalytic system, where Rs is attributed to the uncompensated series resistance, constant-phase
element (CPE) refers to the double-layer capacitance under HER conditions, and RCT (ZCT) represents
the charge transfer resistance during HER. The result in Figure S5 indicates the charge transfer resistance
improves with the increasing cycling numbers.
Figure 5-8. Electrochemical surface area (ECSA) investigation. CV curves are performed in 0.5 M
H2SO4 solution in a potential window without Faradaic processes. a) for initial MoS2, b) for MoS2 after 250
cycles. c) for MoS2 after 500 cycles, d) for MoS2 after 1000 cycles. e) Scan rate dependence of the average
capacitive currents for MoS2 with different cycles. The ECSA increased almost a third from 21.44 mF cm2

(initial MoS2) to 32.68 mF cm-2 (MoS2 after 1000 cycles), indicating the contribution from the potential

cycling.
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Figure 5-9. LSV curves of MoS2 after successive cycling using a graphite rod as the counter electrode. The
HER performance shows no significant change compared to that using Pt wire as the counter electrode,
which indicate the contribution of Pt atom in MoS2 for HER.
Figure 5-10. Structural characterization of the Pt@MoS2. (a) HAADF-STEM images of Pt@MoS2, (Scale
bar: 1 nm). Two magnified views derived from (b) 2H area and (c) 1T area of (a). The corresponding
illustration of the atomic structure of (d) 2H-MoS2, and (e) 1T-MoS2 derived from (b) and (c), respectively.
(f) STEM images focusing on Pt doped MoS2 area, scale bar: 1nm. (g) HAADF intensity line profiles taken
along the numbered lines indicated in (f), and corresponding illustrations of atomic structure derived from
line 1 (pristine MoS2), line 2 (Pt at Mo vacancy), line 3 (Pt at Mo atop).
Figure 5-11. HAADF intensity line profiles taken along the dashed lines indicated in Figure 3b and c, A
green/red line is plotted within green/red area.
Figure 5-12. Full XPS spectrum of MoS2 with different cycling. Note that the C signal comes from the
carbon paper substrate. The Pt content steadily increases with increasing number of cycles.
Figure 5-13. Atomic ratio of Mo/S after different number of cycles. The atomic ratio of Mo/S has a
tendency to decrease with increased cycling, which indicates more Mo vacancy formation.
Figure 5-14. Chemical states and coordination structures of the Pt@MoS2. High-resolution XPS spectra of
(a) S 2p, (b) Mo 3d of MoS2 and Pt@MoS2. (c) The change of Mo content and Pt content with the increased
cycling numbers. (d) Normalized Pt L3-edge XANES spectra of PtO2, Pt Foil and Pt@MoS2. (e) The FTEXAFS spectra of the Pt L3-edge in Pt Foil, PtO2 and Pt@MoS2. (f) The FT-EXAFS spectra of the Mo Kedge of Mo Foil and Pt@MoS2.
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Figure 5-15. High-resolution XPS spectra from a) S2p and b) Mo3d of MoS2-based catalyst with different
cycling numbers. Both S2p and Mo3d shift to lower binding energy side after potential cycling, indicating
the phase conversion of MoS2 from 2H to 1T.
Figure 5-16. High-resolution XPS spectra from Pt 4f for Pt@MoS2-based catalyst after different cycles
numbers. The peak for Pt 4f shows no shift after different potential cycling numbers.
Figure 5-17. Theoretical analyses. DFT optimized geometries of the three Pt doping configurations and
the corresponding formation energy. (a) Pt doped in Mo vacancy, (b) Pt doped into hollow site, (c) Pt doped
on Mo atop surface. (e) Free energy profiles of HER at the equilibrium potential over the different
configurations of Pt@MoS2. (f) Top view and side view of the structure of H atom absorbed on the S atom
of Pt@MoS2 within Pt doped into a Mo vacancy. (f) Projected p-orbital density of states of S. Site i indicates
S atop site adjacent to the Pt atoms in the Pt@MoS2; site ii indicates the in-plane S of the 1T basal plane.
Figure 5-18. Formation energy calculations. (a) The formation energy of Pt doped on various site of 1T
MoS2. It is found that Pt located at Mo vacancies possess the highest formation energy of -69.40 eV, which
could confirm the Pt can exist stably in Mo vacancies. (b) The formation energy of Pt doped on various
sites of 2H MoS2. It is worth noting that all the formation energy of Pt doping in 1T MoS2 are higher than
that of pristine 1T MoS2. On the contrary, for 2H MoS2 system, all formation energy for Pt doped MoS2 is
lower than that of pristine 2H MoS2. This result suggests that the 1T MoS2 is more favourable for Pt doping.
Figure 6-1. XRD patterns of NG, Ru-N@NG and RuFe-N@NG
Figure 6-2. HAADF-STEM images of RuFe-N@NG a) (scale bar: 200 nm), b) (scale bar: 50 nm) and c)
(scale bar: 2.5 nm); d) EDS elemental mappings of RuFe-N@NG (scale bar: 2 nm); EELS spectrum of
RuFe-N@NG e)-g); h) proposed schematic for the structure of RuFe-N@NG.
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Figure 6-3. XPS survey of a) NG, Ru-N@NG and RuFe-N@NG. High-resolution XPS spectra of b) C 1s
in NG, Ru-N@NG and RuFe-N@NG respectively.
Figure 6-4. High-resolution XPS spectra of a) N 1s in NG, Ru-N@NG and RuFe-N@NG, b) Ru 3p in
RuFe-N@NG and Ru-N@NG.
Figure 6-5. a) The Ru K-edge XANES result, b) FT-EXAFS curves of different samples and references
materials and c) Wavelet transforms for the k3-weighted Ru K-edge EXAFS signals of RuFe-N@NG, RuN@NG, Ru Foil and RuO2. d) and e) Experimental and best-fitting Ru K-edge EXAFS curves of RuFeN@NG.
Figure 6-6. ORR evolution of RuFe-N@NG and analogues: a) CV curves of NG, Ru-N@NG, RuFeN@NG in N2 and O2 saturated 0.1 M KOH media, b) ORR polarization curves of NG, Ru-N@NG, RuFeN@NG and commercial 20% PtC; c) Comparative OER polarization curves, and d) Corresponding OER
Tafel Plots. HER kinetics for RuFe-N@NG and analogues: e) Polarization curves of NG, Ru-N@NG,
RuFe-N@NG and commercial 20% PtC at a scan rate of 10 mV s-1 in 1.0 M KOH media, f) Corresponding
Tafel plots derived from (e).
Figure 6-7. ORR Polarization curves collected before and after the stability test for RuFe-N@NG.
Figure 6-8. HER durability test of RuFe-N@NG after 3000 cycles.
Figure 6-9. HER performance of RuFe-N@NG in 0.5 M H2SO4.
Figure 6-10. Typical cyclic voltammetry curves of (a) NG, (b) Ru-N@NG and (c) RuFe-N@NG in 1M
KOH with different scan rates. (d) The current density differences (Δj/2) at 0.15 V vs. RHE plotted against
scan rates.
Figure 6-11. a) The overall LSV curves of NG, RuFe-N@NG and Pt/C in the full OER/ORR region in
O2-saturated 0.1M KOH. b) Charge and discharge polarization curves of two-electrode rechargeable Zn–
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air batteries using NG, Ru-N@NG, RuFe-N@NG and PtC/IrO2 as air cathode respectively. Polarization
and power density curves. c) Photograph of a LED illuminated by four coin-type ZABs in series. d) Cycling
performance at a charge-discharge current density of 5 mA cm-2 for NG-based, Ru-N@NG-based and
RuFe-N@NG-based battery, respectively (10 min for each cycle). e) Cycling performance at a current
density of 10 mA cm-2 for RuFe-N@NG-based and PtC/IrO2-based battery respectively (10 min for each
cycle). f) In situ XRD patterns of ZAB with RuFe-N@NG electrode during discharging and charging. g)
The chronoamperometric response recorded at a constant cell voltage of 1.5 V, with inset illustration of
water splitting process. h) Photograph of the overall water splitting powered by a Zinc air battery using the
RuFe-N@NG as the air cathode.
Figure 6-12. EIS plots of ZAB with different catalysts.
Figure 6-13. OCV plots of ZABs with different catalysts.
Figure 6-14. Full discharging curves of zinc-air batteries using PtC/IrO2 and RuFe-N@NG as the air
cathodes respectively.
Figure 6-15. Discharging polarization curves and corresponding power density.
Figure 6-16. Cycling performance after replacing the zinc plate and electrolyte.

Figure 6-17. TEM images after 50 hours cycling testing without any decomposition.
Figure 6-18. Comparison of the overpotential at 10 mA cm-2 of Ru-based catalysts in alkaline solution for
HER.
Figure 6-19 a) The optimized geometry of RuFe-N@NG. b) Free energy diagrams for HER, c) The dband PDOS of Ru-centre in RuFe4N6 and Ru5N6. Free energy diagrams for d) OER at 1.23 V, e) ORR at
0V and f) ORR at 1.23 V. g) Proposed ORR mechanism on the RuFe4N6 site.
Figure 6-20. The optimized geometry of Ru-N@NG.
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Figure 6-21. Gibbs free energy profiles of ORR on different active sites of Ru-N@NG.
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Chapter 1 Introduction
1.1 Research Background
Protecting our environment for the future while building up a global sustainable energy
system is one of the most important challenge for humanity.24-26 According to the data
from the International Energy Agency (IEA), the global energy demand is projected to
reach the 675 quadrillion BTUs (British Thermal Units) in 2040 driven by the growing
population and the industrialized prosperity, which almost increased by almost 20%
compared with that in 2017 (Fig. 1-1b). In addition, with the increasing energy demand
propelled by the robust global economy, the global energy-related CO2 emissions have
risen rose to a historic high of 33.1 Gt CO2 in 2019 (Fig. 1-1a), and the two-thirds of
global greenhouse gas has resulting from the human demand for energy. 1 As the result,
the future energy supply and climate change have become major concern. Thus, shifting
the global energy mix to lower-carbon fuels is crucial for sustainable development and
combating climate change. Given this requirement for sustainable development, a series
of renewable energy technologies has been developed and expanded to reduce the
reliance on fossil fuels, including wind, solar, and hydroelectric power etc (Fig. 1-1c).
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Figure 1-1. (a) The energy related CO2 emissions between the 1990 and 2019. (b) Global energy demand
varies by sector, (unit: quadrillion BTUs). (c) Global energy mix shifts to lower-carbon fuels (unit:
quadrillion BTUs).1

As one main aspect of energy consumption, the energy for industrial chemicals
production accounted for almost one-tenth of the total energy consumption in 2010,
which almost all was powered largely by fossil fuels. Thus, developing a fossil fuelfree path to guarantee the supply of chemicals, such as hydrogen, ethylene, propylene,
hydrogen peroxide, ammonia and methanol, could play an important role in reducing
the emission of greenhouse gases. The core of this development is to explore new
energy conversion technologies, such as fuel cell, water splitting and metal-air
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battery.27 Among these energy conversion system , a highly effective and stable
electrocatalyst plays an import role for driving specific reactions.

Figure 1-2. Geometric and electronic structures of single atom, clusters, and nanoparticles.2

Recently, emerging as a new frontier in heterogenous catalysis, the atomic-level
metal electrocatalysts have been demonstrated excellent electrocatalytic performance
and aroused great enthusiasm.2, 21, 28-29 Downsizing and atomically dispersing the metal
species on substrate has been demonstrated as an good strategy for electrocatalysts
design, which can not only can modulate the electronic structure to optimize the
adsorption and desorption ability of the reaction intermediates, but also maximize the
utilization efficiency of metal element.2, 30-31 Numerous studies on N-doped carbon
single atom catalysts (SACs) have been developed for oxygen reduction reactions
(ORR), such as Fe,32 Co,33 Zn34, Cr35 and so on. Besides these species, dual-metal dimer
electrocatalyst, including CoPt,36 and PtRu,37 have been successfully designed and
achieved remarkable hydrogen evolution reaction (HER) performance. Moreover,
3
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benefitting from the advanced surface characterization technologies and considerable
development in quantum computational chemistry, the mystery has been gradually
unveiled in some simple catalytic system.27 However, for different catalysts and
catalysis system, there remains substantial room for improvement and identification of
the real active site.
For the electrocatalysis systems, an in-depth understanding of the basic principles
and knowledge of electrocatalytic processes is significant for understanding the
reaction mechanisms and designing efficient electrocatalysts. But this is still a grand
challenge due to the flexible structures (from single atom, dimer to cluster and
nanoparticles). Over the past decade, thanks to development in computational
chemistry, DFT calculations approach has significantly accelerated the development of
the possibility of computer-based catalyst design.3, 38-39 Besides constructing volcano
plot and forecasting ideal catalyst, DFT calculation also play a vital role in material
analysis from the geometric and electronic perspective. Moreover, the reaction
mechanism can be simulated and predicted by DFT. Thus, combining theory and
experiment in electrocatalyst design will yield a powerful platform for the development
of improved catalysts.

1.2 Objectives of the Research
The objectives of the research are to (1) design and prepare efficient atomic-level
electrocatalyst for different reactions, including ORR, OER, HER and NRR;
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(2) systematically investigate and accurately identify the geometric position and
coordination environment of the atomic-level active sites by XAS or DFT methods;
(3) reveal the contribution of atomic-level active sites and explore the reaction
mechanism for specific reaction by DFT calculation.

1.3 Thesis Structure
The outline of this thesis work is presented as follows:
Chapter 1 introduces the background of the atomic-level electrocatalysts and
expounds the importance and significance of this research work.
Chapter 2 reviews the recent progress on atomic-scale electrocatalyst on different
reactions.
Chapter 3 presents the synthesis methods for atomic-level catalysts, as well as the
structural and electrochemical characterization techniques for materials.
Chapter 4 investigates the performance of bimetal FeMo dimer on nitrogen doped
carbon for the nitrogen reduction reaction.
Chapter 5 presents a potential cycling method for electrochemical activation of
MoS2 for efficient hydrogen evolution reaction.
Chapter 6 introduces a general method to modulate the atomic and electronic
structure of Ru-based catalytic sites, which can achieve a superior trifunctional
electrocatalyst.
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Chapter 7 summarizes the works in this thesis and provides some prospects for
designing efficient atomic-level electrocatalysts for different reactions

6
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Chapter 2 Literature Review
2.1 Combining theory and experimental in electrocatalyst design
With the considerable development in quantum computational chemistry, surface
electrochemistry, and materials science, DFT calculations have significantly
accelerated the possibility of computer-based catalyst design.3, 38, 40

2.1.1

Universal principles for catalyst design

Figure 2-1. Basic principle for electrocatalyst design. (a) Illustration of the way in which the electronic
structure is the link between the geometric structure of the material and its catalytic activity.3 (b) Illustration
of the Sabatier principle. (c) Schematic illustration of the orbital hybridization of the valence band from
active sites and adsorbates bonding orbital.4
7
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As shown in Fig 2-1a, the intrinsic geometric or electronic structure and extrinsic
physical properties of catalysts act together to determine activation energies, energy
barriers and intermediates adsorption. Based on the development of nanotechnology,
characterization techniques, and computational quantum chemistry, researchers can
rationally design optimal catalysts aimed at specific reaction, and avoid trial-and-error
efforts. Electrocatalysts exploration and the further structural modification is
undoubtedly represent the core components and plays a critical role in breaking the
NN bond with ideal catalytic selectivity. The adsorption-reaction-desorption catalytic
process occurs on the surface of the catalysts. The reactant molecules are adsorbed
and attached to the surface of the catalysts, and the catalyst reacts with the reactant
molecules to form an intermediate product, and finally, it is separated or continued to
the final product. The capability of adsorption and desorption can directly determine
the reaction kinetic rate, while the reaction pathway is primarily determined by the
catalytic reaction process.
Since the scaling relationship and Brønsted-Evans-Polanyi (BEP) relationship
commonly exists in heterogeneous catalysis, this brings in a dilemma.41-42 As shown in
Fig. 2-1b, the Sabatier principle indicates that too weak or too strong binding energy to
the reaction intermediates both result in a sluggish reaction rate.43 This design principles
has successfully guided proof-of-concept studies on the basis of DFT calculations,
which helps in understanding the activity trends of various catalysts for specific
reactions.
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Moreover, the underlying reason can be revealed by the molecular orbitals.4 For
example, in the graphene model, as the activity is highly dependent on the strength of
the O-related intermediates towards the active site. As shown in Fig. 2-1c, there are two
bonding states that are formed, including from bonding (v-σ) and antibonding state (vσ)*, when the valence bond (v) of an active site hybridizes with bonding orbital (σ) of
the reactant. When the (v-σ) state is full, the valence orbital level of active site (v-σ)*
determine the filling state of (v-σ)*. And the lower valence band of active site will also
increase the filling of the (v-σ)* state, which will result in decreased adsorption strength.

2.2 The introduction of atomic-level catalysis
Emerging as a new frontier in heterogenous catalysis, the atomic-level metal
electrocatalyst has been demonstrated excellent catalytic performance and aroused
great enthusiasm. Downsizing and atomically dispersing the metal species on a
substrate has been the new frontier of heterogenous catalysis, which not only can
modulate the electronic structure to optimize the adsorption and desorption capability
of the reaction intermediates, but also maximize the utilization efficiency of metal
element.2, 30, 44-46 Xu and coworkers proposed a universal principle for graphene-based
single-atom catalyst (SAC) design.47 As indicated in this research, the catalytic activity
is highly correlated with the coordination environment of the metal centre. Based on
the descriptor φ, there has been a search for the optimized active sites for HER (Mnpyrrole-N4), OER(Co-pyrrole-N4) and ORR(Fe-pyridine/pyrrole-N4).
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2.3 Nitrogen reduction reaction (NRR)
2.3.1 Reaction mechanism

Biological reduction of N2 to ammonia can occur on the FeMo protein of
nitrogenases under ambient conditions as follows:
N2 + 8H+ + 8e- + 16ATP → 2NH3 + H2 + 16ADP + 16 Pi (1)
Inspired by this mechanism, various electrocatalysts were designed and the
corresponding mechanism was explored. Generally, associative and dissociative
mechanisms are possible for this catalytic process.48-49 By the associative mechanism
(including distal and alternating pathways, analogous to the mechanism in the enzyme)
as summarized in Table 2-1, steps 1-8, the hydrogenation process proceeds with its
two N atoms bonded to each other. Such a hydrogenation process is further divided into
two pathways involving the distal pathway and the alternating pathway. In the distal
pathway, the hydrogenation takes place preferentially on the N atom furthest away from
the surface, leading to the release of the first ammonia molecule. The remaining N
exists in a MN bond, where M is a metal, and the hydrogenation process is continued
to produce a second ammonia. In the alternating pathway, the hydrogenation alternates
between the two N atoms, the second NH3 will be released immediately following the
release of the first ammonia molecule. Unlike the associative mechanism as shown in
Table 2-1, Steps 9-17, in the dissociative mechanism, the cleavage of the NN bond
take place before hydrogenation, leaving a sole N adatom on surface. Then the adsorbed
N atom is converted to NH3 via a consecutive hydrogenation process (Figure 2-2a).
10
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Besides the associative mechanism and dissociative mechanism, a Mars-van
Krevelen (MvK) mechanism was proposed for metal nitride by Abghoui and
Skúlason.50-51 The ammonia is produced by the lattice N, leading to lattice vacancies
which will be further replenished with gaseous N2.52 The details for this mechanism
will be provided below in some specific examples. For an electrochemical NRR system,
the ammonia formation can be achieved with only need for N2, water and electricity
under ambient condition. Furthermore, the N2 and electricity can be conceivably
supplied by the air and by renewable energy respectively, and thus the electrochemical
system is believed to be potentially the most viable energy system to replace the HarberHosch H-B process.
Table 2-1. Mechanisms of the NRR

Mechanism

Associative

Reaction

Step

* + N2 → *N2

1

*N2+ 6(H+ + e-) → *N2H + 5(H+ + e-)

2

*N2H +5(H+ + e-) → *NHNH + 4(H+ + e-)

3a

*NHNH+ 4(H+ + e-) → *NHNH2 + 3(H+ + e-)

4a

*N2H +5(H+ + e-) → *NNH2 + 4(H+ + e-)

3b

*NNH2 +4(H+ + e-) →*N + NH3 +3(H+ + e-)

4b

*N+3(H+ + e-) → *NH +2(H+ + e-)

5

*NH +2(H+ + e-) → *NH2 + (H+ + e-)

6

*NH2 + (H+ + e-) →*NH3

7

*NH3 → NH3 + *

8

2* + N2 →2*N

9

2*N + 6(H+ + e-) → *N + *NH + 5(H+ + e-)

10

*N + *NH + 5(H+ + e-) → 2*NH + 4(H+ + e-)

11

2*NH + 4(H+ + e-) → *NH + *NH2 + 3(H+ + e-)

12
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Dissociative

*NH + *NH2 + 3(H+ + e-) → 2*NH2 + 2(H+ + e-)

13

2*NH2 +2 (H+ + e-) → *NH2 + *NH3 + (H+ + e-)

14

*NH2 + *NH3 + (H+ + e-) → 2*NH3

15

2*NH3 → *NH3 + NH3 + *

16

*NH3 + NH3 + * → 2NH3 + 2*

17

Figure 2-2. (a) Three kinds of possible NRR mechanisms.53 (b) The NRR mechanism over MnxNy.52

For the complicated NRR process, the DFT calculation play a significant role in
constructing free energy diagram, establishing reaction mechanism and estimating
volcano plots comparing different catalysts.26, 54 For instance, the reaction mechanism
on flat or/and stepped Ru(0001) has been widely investigated through theoretical
calculations.55-57 Skúlason et al. explored the associative mechanism on stepped Ru
(0001) surface. The DFT calculation showed that the intact N2 binds strongly on Ru
(0001) with an adsorption energy of -0.4 eV. The most exergonic step is the first
hydrogenation step, which is 0.75 eV uphill in energy and 1.08 eV in free energy.
Computational screening of metal oxides/nitride were initially conducted to predict
the potential active NRR electrocatalysts.58-59 For instance, electrochemical NRR on a
12
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range of transition metals oxides including IrO2, NbO2, OsO2, ReO2, RuO2, TaO2, PtO2,
RhO2, CrO2, TiO2 and MnO2 under ambient conditions was theoretically studied.59 For
different rutile oxides, the free energy landscape was first calculated on the reduced,
the H-terminated and the O-terminated surfaces respectively. The step with an
especially high change in free energy was identified as the potential-determining step
(PDS). Then, taking into account two PDSs (including N2→*N2H and *NH2→NH3), a
volcano plot was constructed. As shown in Fig. 2-2b, except for ReO2 and TaO2, the
dissociating N2 would be endergonic. And the *NH2 → NH3 is the PDS for ReO2 and
TaO2. In consideration of the competing reaction HER reaction, the researchers finally
concluded that ReO2 and TaO2 favor NNH adsorption over hydrogen adsorption, and
thus can achieve higher yields of ammonia.

2.3.2 The application of atomic-level catalysts in NRR
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Figure 2-3. (a) Calculation models for Mo-embedded BN monolayer. (b) Schematic depiction of three
mechanisms for the NRR on the single Mo-doped BN monolayer. 60 (c) Atomic structure of single metal
atom doped into C3N4. (d) Metals considered for screening. The blue area indicates that the highlighted
element has got corresponding experimental eNRR result. (e) Atomic models of the NRR reaction via a
distal pathway.5

For single-atom catalyst (SAC), the metals are lowly coordinated, so that they can
strongly adsorb N2 and effectively activate N2. Recently, SACs also were developed for
the NRR through theoretical and experimental studies.61-63 For instance, Zhao et al.
systematically studied the potential of a transition metal (TM) atom (TM=Sc to Zn, Mo,
Ru, Rh, Pd, and Ag) supported on defective boron nitride (BN) as an NRR catalyst via
14
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DFT calculation (Fig. 2-3a-b).60 This work proposed three criteria for an eligible NRR
electrocatalyst. By comparing the Gibbs free energy change (ΔG) of N2 adsorption, the
stabilization of N2H* and the destabilization of NH2* species of on different TM atom,
the researchers found the Mo-embedded BN monolayer was the only eligible catalyst.
The computation further revealed that the introduction of the Mo atom resulted in a
large and localized spin moment and the decreased band gap of Mo-embedded BN,
which was reflected in activation of the N2 molecule and reduced the overpotential of
the NRR process. The computational overpotential (η) of the distal, alternating, and
enzymatic pathways are 0.59 V, 0.72 V, and 0.19 V respectively, suggesting that the
NRR process prefer to follow the enzymatic mechanism (Fig. 2-3c). Recently, Qiao’s
group build up a picture of 60 kinds of single atom supported on N-doped carbon as
NRR catalysts via the DFT calculations. And the calculated model is illustrated in Fig.
2-3c, and all involved transition metals are listed in Figure Fig. 2-3d. And based on the
N adatom adsorption energy, this study established their intrinsic activity.5
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Figure 2-4. (a) Schematic illustration of the synthetic process for Ru SAs/N-C. (b) EXAFS spectra for Ru
SAs/N-C, Ru NPs/N-C, Ru(acac)3, RuO2, and Ru foil, inset: magnified HAADF-STEM image of Ru
SAs/N-C.6 (c) Optimized structure for Ru@Zr32O63 and Ru/NC2. Free-energy diagram for Nitrogen
reduction on (d) Ru@Zr32O63 and (e) Ru@NC2, respectively.7 (f) Magnified HAADF-STEM images of
Au1/C3N4 reveals isolated Au atoms atomically dispersed on C3N4. (g) Charge density difference of
Au1/C3N4 due to the introduction of Au atom. Cyan stands for electron accumulation and pink stands for
electron depletion. (h) Optimized structures of various intermediates (*NNH, *NHNH, *NHNH,
*NH2NH2, *NH2) of the NRR as it proceeds on Au1/C3N4 via the alternating pathway.8

Very recently, Geng and coworkers developed Ru single atoms distributed on
nitrogen-doped carbon (Ru SAs/N-C) for NRR application (Fig. 2-4a), which achieved
record-high yield rate of 120.9 g mg-1 h-1, and Faradic efficiency of 29.6% under -0.2
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V versus RHE.6 The XRD and XPS results demonstrate the absence of Ru nanoparticle
and the oxidized Ru on Ru SAs/N-C .The XAS as a powerful structural characterization
tool revealed that the valence state of Ru on Ru SAs/N-C is ~+3 and the single Ru atoms
were coordinated by N atoms (Fig.2-4b). A series of control experiments confirmed
that the NH3 production was generated by the NRR process, not from the selfelectrolysis of catalysts. The N2 temperature-programmed desorption (N2-TPD) was
conducted to evaluated the chemical adsorption of N2. In comparison, the Ru SAs/N-C
has stronger binding energy with N2 than that of Ru NPs/N-C. The more negative
variation of ΔG from *NNH to *NNH2 (0.12 eV) than that of from *NNH to *NHNH
(0.60 eV), which suggested that the NRR underwent a distal pathway.
Tao and co-workers reported that single atom Ru anchored on N-doped graphene
could achieve a high NH3 yield rate of 3.665 mgNH3 h-1mgRu-1.7 The addition of ZrO2 in
Ru@NC2 could also significantly improve the NRR Faradic efficiency due to its
suppression effect on the HER. The optimized calculation models for Ru@Zr32O63 and
Ru/NC2 are shown in Fig. 2-4c. DFT calculations revealed the mechanism of the HER
and NRR over the Ru@Zr32O63 and Ru/NC2, respectively (Fig. 2-4d-e). Obviously, the
Ru@Zr32O63 has a smaller ΔG (*H) with -0.20 eV than that of Ru@NC2 (-0.42 eV),
which indicates that H adsorption is significantly suppressed by the Ru@Zr 32O63 with
O vacancy.
Recently, Au single atoms were also applied into the NRR process.8, 64 Qin et al. also
reported that gold single sites stabilized on N-doped porous and highly oxidizing carbon
(AuSAs-NDPSC) exhibited good NRR catalytic activity with an NH3 yield of 2.32 μg
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h−1 cm−2 and a Faradic efficiency of 12.3%.64 The Au single atoms served as the active
sites, and the NDPCs could stabilize the Au atoms and provide a favourable access to
active sites due to their high surface area. A typical example involves using isolated Au
atom supported on carbon nitride (Au1/C3N4) as the NRR catalysts (Fig. 2-4f-h), which
exhibits a high NH4+ yield rate of 13.05 µg h-1 mgAu-1 with FE of 11.1%. And the free
energy profiles reveal that the first hydration is the rate-determining step via that distal
mechanism over Au1/C3N4.

Figure 2-5. (a) Optimized structures of the monolayer C2N, TM-C2N, and TM2-C2N. The Red and
yellow shadows stand for the electron accumulation and depletion, respectively. (b) Free energy diagram
of electrochemical N2 reduction on Mn-C2N and Mn2-C2N.9
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Besides the SACs, a double-atom catalyst was proposed as another kind of NRR
catalysts.9, 65-66 The authors used the C2N as the substrate, and single atoms and double
atom of different metal (including Cr, Mn, Fe, Co, and Ni) were integrated into the C2N,
with the products denoted as TM-C2N, and TM2-C2N (Fig. 2-5a-b). According to
thermodynamic, kinetic, and thermal stability studies, the Mn2-C2N is regarded as the
most effective NRR catalyst. And the NRR mechanisms over the Mn-C2N and the Mn2C2N were compared in the free energy profile. The Mn-C2N, it followed the distal
pathway with the rate-determining step (RDS) its first H-N bond formation with a ΔG
value of 0.69 eV. The Mn2-C2N, it followed the enzymatic pathway with same RDS for
its first H-N bond formation with a ΔG value of 0.08 eV. The NRR performance of
Mn2-C2N was prompted by the bridge site of Mn2-C2N, which can make the adsorbed
N2 more active.
Table 2-2. Summary of the representative reports on NRR performance using atomic-level
electrocatalyst.
Electrocatalyst
FeSA-N-C

Electrolyte
0.1 M KOH

Yield

FE (%)

Ref

7.48 (µg h-1mg-1)

56.55

67

@ 0 V vs. RHE
Ru SAs/NC

0.05M H2SO4

120.9 (µg h-1mg-1)
@ -0.2 V vs.
RHE

Au SAs-NDPs

0.1 M HCl

2.32 (µg h-1cm-1)
@ -0.2 V vs.
RHE

Au1/C3N4

0.005 M
Na2SO4

1305 (µg h-1mgAu-1)
@-0.1 V vs. RHE
19

@ 0 V vs. RHE
29.6

6

@-0.2 V vs. RHE
12.3

64

@-0.2 V vs. RHE
11.1
@-0.1 V vs. RHE
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Ru@ZrO2/NC

0.1 M HCl

3.66mg h-1mg-1Ru
@ -0.21 V vs. RHE

Pd0.2Cu0.8/rGO

0.1 M KOH

< 9%
@ -0.21 V vs.
RHE

2.8 (µg h-1mg-1)

~ 4.5

@ -0.2 V vs. RHE
SA-Mo/NPC

0.1 M KOH

ISAS-Fe/NC

0.1 M PBS

~ 14.6

69

@ -0.3 V vs. RHE

62.9 (µg h-1mg-1)
@ -0.4 V vs. RHE

68

@ 0.0 vs. RHE

34.0 (µg h-1mg-1)
@ -0.3 V vs. RHE

7

18.6

70

@ -0.4 V vs. RHE

2.4 Hydrogen evolution reaction (HER)
2.4.1 Reaction mechanism

As molecular hydrogen, H2, is being considered as an energy carrier, the interest in
HER catalyst is increasing. To drive the HER (2H+ + 2e- → H2) within low
overpotential, active electrocatalysts are required. During the HER process, a twoelectron transfer reaction with one intermediate occurs through the catalytic site via
either the Volmer-Tafel or the Volmer-Heyrovsky mechanism.26 Based on different
reaction condition, the reaction mechanism can be expressed in different ways as listed
in Table 2-3.
Table 2-3. HER mechanism in alkaline and acidic conditions.
Reaction

Alkaline

Acid

Volmer

* + H2O + e- → H* + OH-

* + H+ + e- → H*

Heyrovsky

* + H2O + e- + H* → H2 + OH- + *

* + H+ + e- + H*→ H2 + *

Tafel

2H* → H2 + 2*

2H* → H2 + 2*

Overall

*+ 2H2O +2e- → H2 + 2OH-

* + 2H+ + 2e- → H2
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2.4.2 Atomic-level catalysts applied in the HER

(b)

(a)

Figure 2-6. (a) The energy profile of the HER for Au, Pt, Ni, Mo, the MoS2 edge, PtBi and the active site
in hydrogenase and nitrogenase, with the structure in the ininsets.3, 10 (c) STEM images of Pt–Ru
dimers/NCNTs. Scale bars, 5 nm. Left-bottom inset is the atomic structure of Pt–Ru dimers/NCNTs.11

Since as early as 2005, the HER activity trend has been investigated by Nørskov’s
group via the DFT method. As shown in Fig. 2-6a, the values of ΔGH* for the MoS2
edge, Pt, PtBi, hydrogenase and nitrogenase are close to the 0, suggesting that they
could possess the good HER performance. Based on this research result, numerous
studies have focused on these materials and designed more effective HER catalysts.7176

In addition, to provide the atomic-level insight into the active site and HER reaction

mechanism, single-atom catalysts (SACs) have been designed and applied in the HER
due to the well-defined single atomic site.31, 47, 77-79 Recently, besides the SACs, the
dual-metal atoms electrocatalysts

37, 80

have also inspired the enthusiasm due to their

unique atomic/electronic structure. For example, the dual metal dimer PtRu11, 37 was
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designed for the HER. Zhang et al. successfully fabricated the PtRu bimetal dimer via
the atomic layer deposition (ALD). The PtRu exhibited excellent HER performance,
which surpassed that of PtC due to the modulated electronic structure.11

Figure 2-7. (a) The calculation model of V-Co4N (111). (b) Free energy profile for the HER over the VCo4N and Co4N. (c) The DOS of Co4N and V- Co4N, and the corresponding bonding state between the
active site and reactants. (d) The LSV curves of W-Co4N and Mo-Co4N.12

Apart from the typical nitrogen-doped carbon layer, the metal nitrides (MNx) can
effectively stabilize the single atoms for the enhanced catalytic activity.81-82 To
modulate the binding strength between the MNx and the specific reaction intermediates,
tailoring the d-band centre of active sites in MNx is an effective strategy. Wang et al.
have developed a versatile method to improve the HER performance of Co4N by
transition metal doping. The d-band centre tailoring mechanism has been studied by the
22
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DFT method. The geometric configuration of V-Co4N was firstly constructed (Fig. 27a), and based on the theoretical calculation, it is energetically favourable for V to
replace the Mo atom in Co4N. Then, considering the H adsorption/desorption as a
critical descriptor for HER, the free energy of adsorbed H (ΔGH*) over the V-Co4N and
Co4N was calculated and compared, as shown in Fig. 2-7b. Obviously, the V-Co4N
possesses a smaller ΔGH*(-0.25eV) than that of Co4N (-0.56 eV), suggesting that is
more favourable for H adsorption/desorption processes. Moreover, the electronic
structure was further investigated to probe the influence of the d-band centre, as shown
in Fig. 2-7c. Impressively, compared to the pristine Co4N (Ed=-1.79 eV), the energy of
the d-band centre shifts away from the Fermi level after V doping (Ed=-1.86 eV), which
lower the antibonding energy states and weaken the interaction between the surface and
reactants. Finally, the downshift of d-band centre of V-Co4N facilitates the HER
process. More importantly, the same tendency can be found in Mo doped Co 4N (MoCo4N) and W doped Co4N (W-Co4N), where the d-band centres also downshift to lower
energy. The experimental results also demonstrate the enhanced HER performance due
to the modulation of the d-band centre (Fig. 2-7d), where the HER performance of MoCo4N and W-Co4N are substantially better than that of Co4N.12
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Figure 2-8. Optimized atomic structure of (a) Mo2TiC2O2, (b) Mo2TiC2O2-PtSA and (c) the charge density
difference between Mo2TiC2O2 and Mo2TiC2O2-PtSA. (d) The PDOS of Mo2TiC2O2 and Mo2TiC2O2-PtSA.
(e) The free energy profile of the HER for Pt/C, Mo2TiC2O2 and Mo2TiC2O2-PtSA.13

MXene are an important class of the 2D materials, which are also a good hosts to
anchor the single atoms and can be modulated into the highly efficient
electrocatalysts.83 And the optimization of MXene for the HER has been systematically
studied both experimentally and theoretically.83-87 Du’s group has demonstrated that the
2D MXenes terminated with O*/OH* exhibit ideal HER performance due to their
excellent charge transfer property.84 Very recently, Wang et al. found that single Pt
atoms can be immobilized in Mo2TiC2Tx by Mo vacancies, and the developed
Mo2TiC2Tx–PtSA shows excellent catalytic activity and stability towards the HER.13 To
elucidate the contribution of the Pt atoms, the electronic structure of Mo2TiC2O2 and
Mo2TiC2O2-PtSA were investigated by DFT calculations. As revealed in Fig. 2-8a-c, the
replacement of Mo atom by the Pt atoms, which led to the redistribution of the lectronic
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structure and provided a more favourable electron environment for the HER. The PDOS
illustrates that there are higher occupied states near the Fermi level when the Pt
integrated into the MXene, suggesting the higher conductivity of Mo2TiC2O2-PtSA (Fig.
2-8d). And the free energy (∆GH*) for hydrogen adsorption was considered as the
major descriptor to investigate the catalytic activity of Mo2TiC2O2-PtSA (Fig. 2-8e). The
calculated result revealed that the Pt atoms in MXene and in commercial PtC possess
the adsorption energy of -0.08 eV and -0.1 eV, respectively, demonstrating the faster
H2 formation and molecular release over the Mo2TiC2O2-PtSA than over commercial
PtC.

2.5 Oxygen reduction reactions (ORR)
2.5.1 Reaction mechanism

For the ideal ORR process, the effective 4e- pathway occurs, which can directly form
the H2O under acidic condition or OH- in alkaline condition. This pathway is preferred
to delivery high current density for the application in a full cell. In another situation,
the ORR could follow the 2e- pathway and form the H2O2 or HO2− under acid or alkaline
conditions.88 From the perspective of molecular reactions, there are two kinds of
mechanisms, the associative and dissociative pathways.
The ORR reaction steps are summarized in Table 2-4.89-90
Table 2-4. The ORR reaction process in acidic and alkaline media.
Media

Mechanism

Reactions
O2 + * → O2*
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O2* + H2O + e- → OOH* + OHAssociative (4e−)

OOH* + e- → O* + OHO* + H2O + e- → OH* + OHOH* + e- → OH- + *
O2 + 2* → 2O*

Alkaline
Dissociative (4e−)

2O* + 2e- + 2H2O → 2OH* + 2OH2OH* + 2e- → 2OH- + 2*
O2 + * → O2*

Associative (2e−)

O2* + H2O + e-→ OOH* + OHOOH* + e- → OOH- + *
O2 + * → O2*
O2* + H+ + e- → OOH*

Acidic

Associative (4e−)

OOH* + H+ + e- → O* + 2H2O (l)
O2* + H+ + e- → OH*
OH* + H+ + e- → H2O(l)
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Figure 2-9. (a) The ORR activity versus the oxygen binding energy.14 (b) Trends in ORR activity plotted
as a function of the experimentally measured d-band centre relative to Pt. The ORR activity evaluated from
DFT simulations and experimental results are recorded in black and red line, respectively.15 (c) The PDOS
of the metal atoms in Fe-SAs/NSC, Co-SAs/NSC, and Ni-SAs/NSC, with respect to the Fermi level; (d)
The reaction steps of the ORR over the Fe-SAs/NSC.16

As proposed in earlier research, the ORR trend over the different metals has been
established by the DFT method. As shown in Fig. 2-9a, the Pt is located at the peak of
volcano Plot and the Ni, Fe, and Co have the room for ORR improvement.14 For
example, once the Ni, Fe, Co can be alloyed with the Pt, which will reduce the oxygen
binding energies. Similar strategies have been further demonstrated by other
researchers.15, 91-92 In 2006, the Stamenkovic et al reported that when the Pt is alloyed
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with a 3d metal (denoted as Pt3M), a better catalyst will be obtained, because the
electronic structure of Pt is slightly modified and the d-band centre relative to the Fermi
level is further modulated. The relationship between the d-band centre of Pt3M alloy
and ORR activity is summarized in Fig. 2-9b, and the Pt3Ni is located at the peak of
volcano plot, suggesting proper adsorption/desorption capability towards ORR related
intermedates.15
For the ORR process, besides the Pt-based catalysts, the cost-effective metal-NC
materials, which is regarded as the one of most promising candidates. 93-97 With the
advancement of characterization technologies and computational quantum chemistry,
the mystery of metal-NC has been gradually unveiled. The atomic-level structure,
coordination numbers, bond length of metal-NC is clearly revealed and the ORR
mechanism over the metal-NC is further unveiled. For example, the Zhang and
coworkers reported 3 kinds of single atom electrocatalyst, including Fe-SAs/NSC, CoSAs/NSC and Ni-SAs/NSC. The coordination environments of the metal centre in
SACs have been systematically investigated by XAS. In such metal, S and N co-doped
system, the N prefers to bond with Fe in Fe-SAS/NSC, the S prefers to bond with Co,
or Ni for Co-SAs/NSC and Ni-SAs/NSC. Accordingly, the electronic structure of the
metal centre can be modulated. Moreover, the Fe-SAs/NSC shows the better ORR
performance than those of Ni-SAs/NSC and Co-SAs/NSC, because more electron
density is accumulated on Fe centres (Fig. 2-9c). The reaction path is illustrated in Fig.
2-9d.16
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Figure 2-10. (a) Illustration of the preparation process of Co-SAs/NC.17 (b) The formation of Fe-SAs/NPSHC.18

Beyond the 2D nitrogen-doped carbon layer, pyrolysis of zeolitic imidazolate
frameworks (ZIF) and metal-organic frameworks (MOFs) is another important route to
synthesize atomically dispersed metal catalysts.98-99 Li et al. reported single-atom Co
dispersed on N-doped carbon (Co-SAs/NC) for the ORR.17 Benefiting from the
structural advantage, the Co SAs/NC exhibits superior ORR performance, which even
comparable to that of commercial Pt/C. The evolution process of Co-SAs/NC is
illustrated in Fig. 2-10a. The Co/Zn bimetallic MOF is first annealed under N2
atmosphere to synthesize N-doped porous carbon. Subsequently, with the arising
temperature, the Zn atoms are selectively evaporated away and then the Co atoms are
reduced by the carbon generated at the high temperature. Finally, the Co are atomically
29
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dispersed on the N-doped carbon without aggregation, as the Zn can act as the “fence”
to expand the distance between Co atoms. Recently, a similar pyrolysis strategy was
developed to fabricate Fe single atom on N, S, P co-doped hollow carbon (Fe-SAs/NPSHC).18 The precisely designed Fe-SAs/NPS-HC exhibited remarkable ORR
performance, which benefited from its unique structure and well-controlled electronic
effects. The preparation method is illustrated in Fig. 2-10b. Simply, the ZIF-8 and iron
precursor are mixed with the monomers of poly(cyclotriphospazene-co-4,4′sulfonyldiphenol) (PZS) to synthesize ZIF-8/Fe@PZS, followed by annealing at 900 °C
for 3 h under Ar atmosphere to obtain the Fe-SAs/NPS-HC.

Figure 2-11. The charge density distribution over (a) FeN4, (b) FeCoN5, and (c) FeCoN5-OH; Blue and red
indicates the charge density increase and decrease, respectively. The calculated Fe 3d PDOS (d) before and
(e) after OH* adsorption. (f) Redox potential of M (2+/3+) (M=Fe or Co) over FeN4, Fe2N5-OH, FeCoN5OH and CoN4.19

To further optimized the adsorption−desorption behaviours of intermediates, Liu et
al. constructed a Fe-Co dual atom centres for the oxygen reduction reaction.19
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Benefitting from the optimized geometric structure and well-managed energy level,
their catalyst achieved the intrinsic activity that was over 20 times higher than for the
FeN4 sites. And the reason behind this was investigated by DFT calculations. When the
self-adsorption of OH on Fe-Co binuclear dimer was first demonstrated, three kinds of
configurations were considered and compared for the investigation of the influence of
the electronic structure on the catalytic activity, including FeN4, FeCoN5 and FeCoN5OH. As revealed in Fig. 2-11a-c, the Fe atoms in FeN4 and FeCoN5 have greater
electronic density than FeCoN5OH, suggesting stronger adsorption of O-related
intermediates. The d-band centres of Fe in different configurations were further
investigated by calculation of the PDOS (Fig. 2-11d). Compared to the single-atom
metal centres, the d-band centres of dual-atom catalysts exhibit an upshift, suggesting
stronger binding strength between the metal centre and the reactants. Thus, Fe-Co dualatom centres spontaneously yield new FeCo-OH sites. Interestingly, a downshift of the
d-band centres for Fe in the new FeCo-OH sites was observed (Fig. 2-11e), suggesting
that it is difficult to lose electrons from the FeCo-OH site. Accordingly, a higher Eredox
of FeCo-OH can be achieved (Fig. 2-11f), which leads to enhanced ORR performance.

2.6 Oxygen evolution reactions (OER)
2.6.1 Reaction mechanism

As the reverse reaction of the ORR, the OER also undergoes a 4e- process,100 and
the reaction mechanism in alkaline media is summarized in Table 2-5.
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Table 2-5. OER mechanism in alkaline media.
Media

Alkaline

Reaction

Step

M + OH- → M-OH + e-

1

M-OH + OH- → M-O + H2O + e-

2

2M-O → 2M + O2

3a

M-O + OH-→ M-OOH + e-

3b

M-OOH + OH- → M + O2 + H2O

4

Figure 2-12. (a) Illustration of preparation process for HCM@Ni-N.20 (b) Schematic illustration of the
synthetic strategy for CoNi-SAs/NC.21 (c) DFT calculated VPH transformation reaction energy of β-Mo2C
to 2H-MoS2; (d) the side and top views of the optimized stable structure of Co covalently doped MoS2 with
a Mo/Co ratio of 8:1 (green, yellow, and blue balls, respectively, represent Mo, S, and Co).22
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For the oxygen reduction reaction (OER), the metal atom doping is an extensively
used strategy to facilitate the reaction kinetics and improve the OER performance of
earth-abundant electrocatalysts.101-104 Lou’s group developed a facile method to
construct single Ni and N co-doped hollow carbon for the OER as shown in Fig 2-12a.
Core–shell silica@resorcinol formaldehyde (SiO2@RF) nanospheres are first
fabricated, followed by coating a layer of methylimidazole-Ni (MI-Ni). The dry
mixture SiO2@RF@MI-Ni is then annealed and acid treated. Finally, the isolated Ni
atoms are evenly distributed on the hollow carbon. The as-prepared catalyst shows
superior OER performance with the overpotential of 304 mV, which even surpass the
benchmark RuO2 (393 mV).20 Additionally, it is found that introducing the proper
second metal atom will further enhance the OER performance and even achieve
bifunctional activity.105 Hu et al. dispersed dual-atom Co and Ni into N-doped carbon
(NC) for the OER/ORR.21 The CoNi nanoparticles on N-doped graphene is firstly
prepared via pyrolysis of CoNi-MOF. Subsequently, the acid treatment will remove the
Co or Ni cluster and leave atomically dispersed Co and Ni atom on the NC to form
CoNi-SAs/NC. Benefitting from the synergistic effect of binary Co-Ni sites, the
adsorption/desorption of reactants is optimized and energy barrier for OER and ORR
is decreased. Accordingly, the CoNi-SAs/NC achieve the overpotential of 340 mV for
OER, which is lower than that of noble metal electrocatalyst IrO2 (400 mV).
Surprisingly, CoNi-SAs/NC also presents good ORR performance with the onset
potential of 0.88 V, which is comparable with that of commercial 20% PtC (0.90 V).21
Thus, the proper atomic modulation can effectively improve the OER performance.
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Another typical example is from Zhao’s group, who used atomic-level transition metals
to modulate the electronic structure of MoS2. Cobalt covalent doping in MoS2 not only
dramatically optimized the HER activity, but also induced remarkable OER
performance. In this work, the Co-Mo2C was fabricated firstly, and then the Co-Mo2C
was converted into cobalt-doped MoS2 (Co-MoS2) via the vapor-phase hydrothermal
method. The feasibility of conversion was also further demonstrated by the DFT
calculations, which was found to need an exothermic energy of −17.91 eV (Fig. 2-12c).
A model of structure is presented in Fig. 2-12d.22

Figure 2-13. (a) The electronic structure of an Ru atom before and after oxygen adsorption. (b) Electron
density distribution of O-Ru1-N4, where the light green and yellow areas represents the electron depletion
and accumulation, respectively. (c) Schematic illustration of the whole OER mechanism on Ru-N-C
catalyst in the acidic electrolyte. The balls in grey, blue, red, white, and light green represent C, N, O, H,
and Ru atoms, respectively.23
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As a benchmark materials for the OER, RuO2 and IrO2 has been intensively
studied.106-109 Recently, downsizing the Ru-based catalyst or using Ru atom to further
modulate the electronic structure of other metal-based catalyst, which has been
regarded as a promising strategy for achieving enhanced OER performance.108 Sun’s
group reported that the cobalt iron layered double hydroxides (CoFeLDHs) can
effectively anchor the Ru atom, and the resultant catalyst Ru/CoFe-LDHs exhibit
remarkable OER performance with the overpotential of 198mV. 110
The subnanometric metal catalysts, including single atoms and clusters with a few
atoms, can exhibit dynamic structural evolution when interacting with substrate
molecules, however, making it difficult to determine the catalytically active sites.30-31
Yao et al. developed the atomically dispersed Ru single atom on nitrogen-doped carbon,
and the as-prepared catalyst achieve an extremely high intrinsic activity for the OER.
Impressively, operando SR-FTIR and XAFS clearly identified the Ru-O coordination,
which is introduced into the RuN4 moiety during the OER process. It is worth noting
that the oxygen adsorption on RuN4 result in the downshifts of the Ru 4d band (Fig. 213a). And as shown in Fig. 2-13b, based on the computational simulation, more charge
density aggregates on the Ru atom, and the Ru can donate an electron to the adsorbed
O. Thus, the Ru acts as the real active site for the OER.

2.7 Conclusion
Benefitting from the unique electronic and geometric structure of a nanoscale
catalyst, atomic-level electrocatalysts can effectively facilitate a wide range of reactions.
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Moreover, thanks to the advanced surface characterization technologies now
availableand the advancement of computational methods, the atomic structures of the
catalysts and the reaction mechanism of the reactions have been successfully simulated,
which deliver a better understanding of the different reaction mechanism at the atomic
level and accelerates the development of atomic-scale catalysts. Moreover, the highthroughput screening of atomic-level electrocatalysts avoids the trial and error at the
cost of human resources and time.
In this review, the reaction steps of different reactions, including the NRR, HER,
ORR, and OER, have been reviewed and summarized. Moreover, a systematic
framework of combining theory and experiment in electrocatalyst design towards
specific reactions has been established in a preliminary way for more rational catalyst
design. Based on this design principle and established volcano plots, a series of atomiclevel electrocatalysts have been reasonably designed and applied in different reactions,
including SACs, dual-metal dimers and other cluster-based catalysts. Their unique
electronic structures, with maximized atom utilization efficiency of the active centres
in atomic-scale catalysts, contribute to the enhanced performance. It should be pointed
out, however, that the coordination atoms of the metal site greatly influences the
catalytic activity and even can be the actual active sites.111 Thus, we should rationally
design the active sites with proper coordination atom for better adsorption/desorption
of intermediates.
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Chapter 3 Experimental Procedure
3.1 Overview
The general procedure of this doctoral work is illustrated in Figure 3-1, which
consists of three major steps. Firstly, the atomic scale metal catalysts were
homogeneously dispersed on 2D materials hosts by pyrolysis or electrochemical
method. Then, the morphology and chemical states of as-prepared material was
characterized by a series of techniques, including XRD, XPS, Raman, SEM, TEM,
STEM, XAS, etc. Subsequently, the electrochemical performance of as-prepared
catalysts was evaluated by performing the NRR, HER, ORR, and OER testing. Finally,
based on the atomic-level structure identified by XAS, STEM or DFT, the real active
sites or reaction mechanisms were revealed by DFT calculations.

37

Chapter 3 Experimental Procedure

Figure 3-1. The general procedure of this thesis project.

3.2 Chemicals and Materials
The chemicals and materials used in this thesis are listed in Table 3-1.
Table 3-1. Chemicals and materials used in this thesis.
Chemicals

Formula

Purity (%)
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Dicyandiamide

NH2C(=NH)NHCN

99

Sigma-Aldrich

Glucose

C6H12O6

99.5

Sigma-Aldrich

Iron (III) chloride

FeCl3

≥99.99

Sigma-Aldrich

Iron (II) chloride

FeCl2

99.9

Sigma-Aldrich

Molybdenum (V)
chloride

MoCl5

95%

Sigma-Aldrich

Ruthenium (III)
chloride

RuCl3

Ru (45-55%)

Sigma-Aldrich

Nafion@117

N/A

5 % in H2O

Sigma-Aldrich

Sulfuric acid

H2SO4

98

Sigma-Aldrich

Hydrochloric acid

HCl

36.5-38.0%

Sigma-Aldrich

Potassium hydroxide

KOH

≥85

Sigma-Aldrich

Sodium hydroxide

NaOH

97%

Sigma-Aldrich

Zinc acetate

Zn(OAc)2

99.99

Sigma-Aldrich

Ethanol

C2H5OH

100

Chem-Supply
Pty.Ltd

Sodium hypochlorite

NaClO

Cl4.99 %

Sodium salicylate

HOC6H4COONa

99.5

Sigma-Aldrich

Hydrazine solution

N2H4

97

Sigma-Aldrich

Sodium nitroprusside
dihydrate

Na2[Fe(NO)(CN)5]·2H2O 98

Sigma-Aldrich

Para-(dimethylamine)
benzaldehyde

99.99

4.00- Sigma-Aldrich

Sigma-Aldrich

Lithium perchlorate

LiClO4

99.99

Sigma-Aldrich

Sodium molybdate
dihydrate

Na2MoO4ꞏ2H2O

99

Sigma-Aldrich

99

Sigma-Aldrich

Thioacetamide
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3.3 Materials Preparation
The methods used to prepare the materials mainly consisted of pyrolysis,
hydrothermal, and electrochemical potential cycling methods.

3.3.1 Pyrolysis

The carbon-based materials in this doctoral work were mainly prepared by the twostep pyrolysis method. Firstly, the carbon source (glucose) and the nitrogen source
(dicyandiamide, DCDA) were mixed with the metal precursors (such as FeCl2, FeCl3,
MoCl5 and RuCl3.) The mass ratio of glucose to DCDA was 1:20, the atom content of
the metal is projected to account for 0.5%-1 at%. Then, the mixture was annealed at
270°C for 2h under argon gas to form a melted state mixture, followed by annealing at
550°C for 6h to prepare the C3N4 with metal precursor. Finally, the mixture was
annealed at 900°C under Ar atmosphere for 3h to high-temperature reduce the metal
and form atomic-level metal catalyst dispersed on nitrogen-doped carbon layer.

3.3.2 Hydrothermal

The flower-liked MoS2 in this thesis was prepared by a one-step hydrothermal
method. Briefly, the Mo source (Na2MoO4.2H2O) was mixed with the S source
(thioacetamide) in the mass ratio of 4:9, followed by dissolving the mixture in 30 mL
of deionized water and ultrasonicating for 30 min. Then, the mixture was transferred
into a Teflon-line autoclave and maintained at 190 °C for 20 hours. Cooling to the room
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temperature, the black solution was filtrated, washed with deionized water and ethanol,
and dried under ambient condition.

3.3.3 Potential Cycling

Potential cycling methods has been regarded as a promising method to prepare
single-atom, which result from the electrochemical activation of the substrate and the
dynamics of electrochemical metal Pt dissolution and redeposition (for example, Pt⇌
Pt2+ + 2e-). The Pt doped MoS2 was prepared by this method.

3.4 Characterization Techniques
3.4.1 X-ray Powder Diffraction (XRD)

XRD is a rapid analytical technique, which can identify the phase composition and
the crystal structure of materials. Generally, when the X-rays arrive at the lattice planes
of crystal materials, a diffraction pattern is produced due to the interference between
the wavelength and the spacing. Based on Bragg’s Law (2dsinθ=nλ), where d is the
spacing between lattice planes, θ is the angle of incidence of the X-rays, n is an integer,
and λ is the wavelength of the X-rays.
In this thesis work, the crystal structure of as-prepared powders were characterized
by powder XRD on a GBC MMA diffractometer (Scientific Equipment LLC,
Hampshire, IL, USA) in UOW, with Cu-Kα as the radiation source at a scan rate of
1.5 ºmin-1 (40 kV, 25 mA, λ=0.15418 nm).

3.4.2 Raman Spectroscopy
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Raman spectroscopy is a spectroscopic technique, which is used to determine the
molecules vibrations, rotations and other low-frequency mode of the materials. Raman
scattering is a kind of inelastic scattering of photons, which use the monochromatic
light as the source, including the visible light, near-infrared light or the near ultraviolet
light. When the laser interacts with the system, the energy of some of the laser photons
will be shifted up or down, we can get the information about the vibrational modes of
this system based on the energy shift. In this work, we used Raman spectroscopy to
investigate the degree of defect in carbon-based material and the change of phase of
MoS2. The Raman spectra of as-prepared material were collected by a Raman
spectrometer (Lab RAM HR, Horiba Jobin Yvon SAS) in UOW.

3.4.3 Scanning electron microscope (SEM)

The scanning electron microscope (SEM) is one type of electron microscope, which
can get image of the material by using the focused beam of electrons to scan the surface.
When the electron interacts with the atom of the material, the different signals are
collected, and we can analysed. the surface topography and composition of the material
based on the obtained information. Generally, the electron beam is scanned in a raster
scan pattern, the images is produced by combining the intensity of signal and beam
position. In this research, the topography of the as-prepared materials was investigated
by a field emission scanning electron microscope (JSM-7500FA, JEOL, Tokyo, Japan)
in UOW.

3.4.4 Brunauer-Emmett-Teller (BET) technique
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Based on the physical adsorption of gas molecules on a solid surface, the BrunauerEmmett-Teller (BET) technique is an important analysis technique for finding the
specific surface area of the material.1 As an critical parameter, the specific surface area
can characterize the material’s properties of nano-scale material, which is mainly
related to material’s pore structure, surface vacancies, particles size and
physicochemical property. In the field of electrocatalysis, the surface area of catalysts
is an important factor in catalytic activity. Materials with high surface areas calculated
by the BET method, indicating the possibility of application for efficient catalytic
materials. In this work, the BET (Micromeritics TriStar II 3020; NOVA1000,
Quantachrome Co., FL, USA) was carried out at liquid nitrogen temperature (77 K) to
measure the surface area and pore size distribution of the samples.

3.4.5 Transmission electron microscopy (TEM) and scanning transmission
electron microscopy (STEM)

Transmission electron microscopy (TEM) uses a beam of electron to pass through
an ultra-thin specimen and then generate its image. The morphology, element
distribution and crystal structure of the sample can be clearly observed by the TEM.
Scanning transmission electron microscopy (STEM) is a type of TEM. Unlike the
conventional TEM, the electron beam can scan a fine spot in a raster pattern. The
rastering of the beam across the sample make it suitable for different analytical
techniques, including the mapping by the energy dispersive X-ray spectroscopy (EDX),
electron energy loss spectroscopy (EELS) and the Z-contrast annular dark-field images.
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In this doctoral work, the TEM and STEM images of as-prepared material are obtained
on the JEM-2011F (JEOL, Tokyo, Japan) and a probe-corrected JEOL ARM200F,
respectively. (80 kV, equipped with a cold field emission gun, a high-resolution polepiece, and a Centurio EDX detector in UOW)

3.4.6 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive spectroscopic
technique, which can be used to investigate the elemental composition,
chemical/electronic state as well as the empirical formula of the samples. When a beam
of X-rays is used to irradiate the sample, the kinetic energy and the number of electron
escape from 0 to 10 nm of the material can be measured and analyzed. Then the XPS
spectra can be collected. In this work, XPS was conducted using a PHOIBOS 100
Analyser from SPECS, which is installed in a high-vacuum chamber with base pressure
< 10-8 mbar using the A1 Kα radiation. The XPS data were analysed by the Casa XPS
software, and the spectra were calibrated by the C 1s peak at 284.6 eV.

3.4.7 X-ray absorption spectroscopy (XAS)

XAS is a type of absorption spectroscopy, which can determine the local
coordination environment of the samples. Usually, the experiment is performed at
synchrotron radiation facilities, which provide intense and tunable X-ray beams. The
X-ray Absorption Near-Edge Structure (XANES),also called near-edge X-ray
absorption fine structure (NEXAFS), spectroscopy was introduced in 1980 and later in
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1983. It is concerned with core transitions to quasi-bound states (multiple scattering
resonances) for photoelectrons with kinetic energy in the range from 10 to 150 eV
above the chemical potential, called "shape resonances" in molecular spectra since they
are arise from final states of short life-time states that are degenerate with the continuum
and have the Fano line-shape. In this range multi-electron excitations and many-body
final states in strongly correlated systems are relevant; In the high kinetic energy range
of the photoelectron, the scattering cross-section with neighboring atoms is weak, and
the absorption spectra are predominantly extended X-ray absorption fine structure
(EXAFS), where the scattering of the ejected photoelectrons from neighboring atoms
can be approximated by single scattering events. In 1985, it was shown that multiple
scattering theory can be used to interpret both XANES and EXAFS; and therefore, the
experimental analysis focusing on both regions is now called XAFS.

3.4.8 Density functional theory (DFT) Calculations

Density functional theory is a quantum mechanical modelling method used for the
investigation of the electronic structures in multiple electron systems. It has wide
applications in physics and chemistry, especially in investigating the properties of
molecules and condensed matter. The objective of the DFT method is determining the
electronic density instead of the wavefunctions, and hence, it is more convenient than
the classic modelling methods such as Hartree-Fock. DFT calculations is achieved via
the Kohn-Sham method. In the frame of Kohn-Sham DFT, a complicated many-body
system is simplified to a system in which an electron with no interaction with
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othersmoves in the effective potential field. The effective potential field includes the
external potential field and the influence of Coulomb interactions between electrons.
DFT is the most versatile and popular computational method in condensed matter
computational physics and computational chemistry.

3.5 Electrochemical Measurements
3.5.1 Linear Sweep Voltammetry (LSV)

Linear sweep voltammetry (LSV) is a voltammetric method, which is commonly
used to study the kinetics of electron transfer reactions and evaluate the OER, ORR,
HER performance. Generally, an LSV experiment is performed on the rotating disk
electrode (RDE) using a three-electrode setup. During the LSV experiment, the
potential between the working electrode and a reference electrode is swept linearly in
time, and the response current of the working electrode is recorded simultaneously. In
LSV experiment, the response current is plotted as a function of voltage. Herein in this
work, the LSV data were recorded on a Biologic VPM3 electrochemical workstation in
UOW.

3.5.2 Cyclic Voltammetry (CV)

Cyclic voltammetry (CV) is a potentiodynamic electrochemical technique.
Generally, it is used to study the electrochemical properties of samples in the field of
battery and catalysis. Unlike LSV, when the potential reaches the set value in CV
testing, the working electrode’s potential is ramped in the opposite direction to return
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to the initial potential. By analysing the variation of peak position, it is possible to gain
an estimate for the electron transfer rate constants. In a CV experiment, the working
electrode potential is ramped linearly with the time, and the response current is plotted
versus the applied voltage. Herein in this work, the CV data were recorded on a Biologic
VPM3 electrochemical workstation in UOW.

3.5.3 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is a commonly used method of
impedimetric transduction, which is normally employed to investigate both the resistive
and capacitive properties of materials. It can study the chemical and physical processes
occurring in solutions. In an EIS experiment, a sinusoidal electrochemical potential or
current is applied to the sample over a wide range of frequencies. In the filed of
electrocatalysis, EIS is used to correlate the activity trends measuring charge transfer
resistances (Rct) and mass transfer. Species mass transport play an important role in
electrochemical system, which is related to the transport laws of solutions and to fluid
mechanics. In this thesis work, EIS data were collected on a Biologic VPM3
electrochemical workstation in ISEM.

3.5.4 Water Splitting

Water splitting is a chemical reaction, which can break the molecular bonds in water
and form the hydrogen and oxygen (2H2O → 2H2 + O2). In this research, the catalyst
was drop-casted on 1×1 cm2 carbon paper with massloading of 0.3 mg cm-2, which was
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used as the cathode and anode in a two-electrode setup. The overall water splitting
process was driven by a constant potential of 1.5 V.

3.5.5 Zinc-air battery

The zinc-air battery (ZAB) is a kind of metal-air battery, which can be powered by
O2 from the air and ZnO2. During the discharging process, the O2 at the cathode react
and form the OH-, which moves to the anode and form Zn(OH)42- while simultaneously
releasing the electron. The reactions in alkaline media obey the following chemical
equations.
Anode: Zn + 4OH- → Zn(OH)42- + 2eCathode: 1/2 O2+ H2O + 2e- → 2OHOverall: 2Zn + O2 → 2ZnO
In this thesis, the zinc-air battery were assembled into coin-type cell. Discharge and
charge polarization and power density plots were obtained using a galvanodynamic
method with a current density ranging from 0 to 400 mA. A recurrent galvanic pulse
method was used to test the cycling performance with a fixed current and fixed
discharge/charge time on a Land CT 2001A battery testers.

3.5.6 NRR performance

The electrochemical nitrogen reduction reaction is believed to potentially be the
most viable system for the nitrogen production, which can be powered by the
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sustainable energy. In this work, the electrochemical measurements were performed on
an electrochemical workstation in a three-electrode system at 20 °C, using 0.25 M
LiClO4 as the electrolyte, Pt wire as the counter electrode, and Ag/AgCl (saturated KCl
solution) electrode as the reference electrode. The electrocatalyst was dropped on the
carbon paper as the working electron, which could continuously produce the ammonia
under an applied voltage between the -0.2 V and -0.8 V vs. RHE.
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Chapter 4 Atomically Dispersed Metal Dimer Species with
Selective Catalytic Activity for Nitrogen Electrochemical
Reduction
4.1 Introduction
Ammonia is an essential chemical for global agriculture and industry, and is also
regarded as a potential carbon-energy carrier.2,

112-113

Since the early 1900s, the

ammonia manufacturers have mainly relied on the energy-intensive Haber-Bosch (HB) process, which not only consume 1-2 % of the world annual energy due to the
requirement for high-temperature (~ 500 °C) and high-pressure (200-300 atm), but also
leads to the serious emission of greenhouse gases.114-116 Therefore, a series of strategies
were subsequently explored to achieve the conversion of nitrogen to ammonia under
ambient conditions, such as plasma-induced methods,117-119 photocatalytic methods,120121

and electrochemical methods.122-125 Among these proposed strategies, the

electrochemical method is believed to potentially be the most viable system for the
nitrogen reduction reaction (NRR), which is less resource-intensive and can be powered
by sustainable energy sources, such as solar energy and wind energy.126-127 As the core
component in the NRR system, the highly effective and selective electrocatalyst
employment plays an important role in achieving efficient N2 conversion to NH3 and
simultaneously circumventing additional reactions, such as the hydrogen evolution
reaction (HER). Recent years have witnessed a breakthrough in the development of
advanced electrocatalysts and design strategies, including the introduction of defects,124,
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128-129

heteroatom doping,130-132 alloying,68 phase engineering,125, 133 and crystal-facets

design.133 An increase of faradic efficiency (FE) was thus achieved from lower than
1 %123, 134-136 to higher than 10 %.64, 124-125, 137 However, this low yield rate and limited
efficiency still cannot meet the requirement. All of these issues come from the
employment of unsatisfactory electrocatalysts, resulting in the competing hydrogen
evolution reaction and the additional products formation.138 Heteroatom metal doping,
such as single atom catalysts (SACs), has been considered as a promising candidate
for specific catalysis,101 which could achieve the maximum utilization efficiency and
simultaneously weaken the N≡N bond due to the π back donation of the transition
metal.48, 58, 139-141 Among transition metals, Mo and Fe were regarded as the most
promising metal species because Mo and Fe are on the top of volcano diagrams based
on density functional theory (DFT) calculations.117, 123
Herein, taking advantage of the well-defined sites of N coordinated single atomic Fe
and Mo catalyst, we used the N-doped graphene as the substrate to in-situ integrate Mo
and Fe atom with same mole ratio into one system as metal dimer specie (denoted as
FeMo@NG). Because of numerous existences of FeMo dimer species and a
combination of ligand, geometric and synergistic effects, the composite realizes
nitrogen catalytic selectivity and enhances the kinetics of the catalytic activity.
FeMo@NG exhibited better NRR electrocatalytic activity than Mo@NG or Fe@NG.
It could achieve a yield rate of 14.95 µg h-1 mg-1 at -0.4 V and FE of 41.7 % at -0.2 V
(vs. reversible hydrogen electrode). Meanwhile, based on theoretical and experimental
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technologies, the N-coordinated FeMo dimer speices ware identified to be FeMoN6.
And the mechanisms behind the electrocatalysis were explored and proposed, such as
associative distal, associative alternating and disassociative pathways. The combination
of theoretical and experimental studies has laid the foundation for an electrocatalytic
NRR system, and ultimately offer guidance towards the development of electrocatalysis
for the NRR as well, especially for the rational design of electrocatalysts.

4.2 Experimental Section
4.2.1 Materials preparation
4.2.1.1 Synthesis of N-doped Graphene
N-graphene was prepared via the template method by thermal annealing, using glucose
as carbon precursor and dicyandiamide (DCDA) as the nitrogen precursor. Typically,
the glucose was mixed with DCDA (mass ration: 1: 20), and then annealed at 900 °C
for 3 hours in N2 to prepared N-doped graphene. Normally, after annealing at 550 °C,
layered graphitic carbon nitride (g-C3N4) was formed and served as the sacrificial
template. In the following 900 °C annealing, the part of the nitrogen atoms escaped
from the carbon nitride and formed defect-rich nitrogen doped graphene. The asprepared sample was denoted as NG.

4.2.1.2 Synthesis of Fe@NG, Mo@NG and MoFe@NG:
4.53 mg FeCl2, 6.05 mg FeCl3, 0.21 g glucose and 8.4 g DCDA were mixed together
and then annealed using the above program, with the as-prepared single-atom iron
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confined in N-doped graphene denoted as Fe@NG. The preparation method for
Mo@NG was same as that for Fe@NG, except that 15.14 mg MoCl5 was added instead
of the iron precursors. The preparation method of MoFe@NG was same as that for
Fe@NG, except that half each of the Fe and Ru precursors were: 2.27 mg FeCl 2, 3.02
mg FeCl3 and 7.57 mg MoCl5.

4.2.2 Materials Characterization

The phase data were analyzed by XRD on an MMA diffractometer equipped with
Cu Kα radiation (GBC, MMA), which operated from 10˚ to 80˚ in continuous scan
mode with a scan rate of 1˚ min-1. The structure and morphology of the sample were
investigated on a field emission scanning electron microscope (FESEM; JEOL JSM7500) and a transmission electron microscope (TEM; JEOL-2010). Atomic resolution
analytical microscope investigations were conducted using scanning TEM (STEM;
JEOL ARM 200F), which was operated at 80 kV and equipped with a cold field
emission high-resolution pole piece and a Centurio energy dispersive spectroscopy
(EDS) detector. X-ray photoelectron spectroscopy (XPS) experiments were carried out
on a VG Scientific ESCALAB 2201XL instrument using aluminum Kα X-ray radiation.

4.2.3 Electrochemical Measurement

The electrochemical measurements were performed on an electrochemical
workstation in a three-electrode system at 20 °C, using 0.25 M LiClO4 as the electrolyte,
Pt wire as the counter electrode, and Ag/AgCl (saturated KCl solution) electrode as the
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reference electrode. The catalyst (4 mg) was dispersed into 1 mL Nafion/ISO (volume
ratio: 40:1) and sonicated for 1 h. Then, 50 L of homogeneous catalyst ink was dropcasted on carbon paper with a loading of 0.4 mg cm-2. Before the NRR measurements,
10 mL/min of N2 (purity, 99.99%) was introduced into the electrolyte for 30 min till
the end of the reaction.

4.2.4 Ammonia quantification

The method for ammonia quantification followed the method for the examination of
water

and

wastewater.

The

ammonia

concentration

was

quantified

by

spectrophotometry with salicylic acid. Firstly, the calibration curve was plotted as
follows. A series of 10 mL standard NH4Cl solutions with tconcentrations of 0.0, 0.2,
0.4, 0.6, 1.0, 2.0, 4.0, and 6.0 μg mL−1 in 0.25 M LiClO4 were prepared and separately
mixed with 50 µL oxidation solution (0.75 M NaOH and sodium hypochlorite (pcl = 4
‒ 4.9)), 500 µL coloring solution (0.4 M sodium salicylate and 0.32 M sodium
hydroxide), and 50 µL of catalyst solution (0.1 g Na2[Fe(NO)(CN)5]·2H2O diluted in
10 mL deionized water) in turn. After standing for 1 h at room temperature, absorbance
measurements were performed at λ = 655 nm with an ultraviolet-visible (UV-Vis)
spectrophotometer. The calibration curve (Figure S10) (y = 0.260, x = 0.051, coefficient
of determination, R2 = 0.999) showed a good linear relationship of absorbance values
with the NH3 concentration in 3 independent calibrations. The calibration curve was
used to calculate the ammonia concentration.
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Calculations: Ammonia formation rates were calculated using the following equation:

𝑅𝑁𝐻3 (𝑚𝑜𝑙. 𝑐𝑚−2 . 𝑠 −1 ) =

𝑥(𝑝𝑝𝑚) × 10−3 (𝑔/𝑚𝑔) × 𝑉(𝐿)
𝑀𝑟𝑁𝐻4+ (𝑔/𝑚𝑜𝑙) × 𝑡(𝑠) × 𝑆(𝑐𝑚−2 )

Where
x (ppm): measured ammonia concentration.
V (L): volume of solution in liters.
𝑀𝑟𝑁𝐻4+ is 18 (g/mol).
t (s): reaction time in seconds.
S: active area of reaction on the carbon paper.
𝑅𝑁𝐻3 (mol · cm−2 · s −1 ) is the ammonia formation rate.
The Faradic efficiency of ammonia was determined using the following equation.
𝐹𝐸𝐻2 (%) =

3×𝑅𝑁𝐻3 (𝑚𝑜𝑙.𝑐𝑚 −2.𝑠 −1)×𝑡(𝑠)×𝑆(𝑐𝑚 −2)×𝐹
𝐼(𝐴)×𝑡(𝑠)

× 100%

Where:
F: is the Faraday constant.
I(A): the average current during the reaction.

4.2.5 Hydrazine quantification

The quantification of hydrazine followed the method of Watt and Chrisp.132 The
color reagent was prepared by dissolving para-(dimethylamine) benzaldehyde (5.99 g)
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with a mixture of 30 mL HCl (12 mol L-1) and ethanol (300 mL). 2 mL of standard
hydrazine solution in different concentrations was mixed with 2 mL color regent. After
20 min, the absorbance of the colored solutions was measured at 455 nm by UV-vis.
Then, 2 mL of the electrolyte after electrolysis was mixed with 2 mL of color regent.

4.2.6 DFT Calculations
4.2.6.1 Method and Model
The surfaces of G-FeN4, G-MoN4, and G-FeMoNx were constructed, where the
vacuum space along the z direction was set at 15 Å, which is enough to avoid interaction
between the two neighboring images. Five possible structures of G-FeMoNx were
considered, based on the relative positions of Fe and Mo atoms. Then, the intermediates
were absorbed on the surface of substrate, respectively. All atoms were relaxed. The
first-principles calculations in the framework of density functional theory were carried
out based on the Cambridge Sequential Total Energy Package known as CASTEP.142
The exchange–correlation functional under the generalized gradient approximation
(GGA)143 with norm-conserving pseudopotentials and Perdew–Burke–Ernzerhof
functional was adopted to describe the electron–electron interaction.144 An energy cutoff of 750 eV was used, and a k-point sampling set of 5 × 5 × 1 was tested for
convergence. A force tolerance of 0.01 eV Å -1, energy tolerance of 5.0 × 10-7 eV per
atom, and maximum displacement of 5.0 × 10-4 Å were considered.
The doped energies of G-FeN4, G-MoN4, and G-FeMoNx were calculated by:
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Edoped=E(G-TMN4)–E(G)–μ(TM)–4μ(N)+6μ(C) for G-TMN4 (1)
Edoped=E(G-FeMoN8)–E(G)–μ(Fe)-μ(Mo)–8μ(N)+12μ(C) for G-FeMoN8 (2)
Edoped=E(G-FeMoN6)–E(G)–μ(Fe)-μ(Mo)–6μ(N)+10μ(C) for G-FeMoN8 (3)
where TM = transition metal.
According to the method presented by Nørskov, the Gibbs free energy diagrams
were estimated by the following equation,145
∆Gi = ∆Ei + ∆ZPEi – T∆Si– eU (4)
where ∆E is the energy change between the reactant and product obtained from the
DFT calculations; ∆ZPE is the change in the zero point energy; T and ∆S denote the
temperature and the change in entropy, respectively. i represents the three intermediates;
U is the potential measured against normal hydrogen electrode (NHE) under standard
conditions; e is the transferred charge, and T is the temperature with unit K. Herein, T
= 300 K was considered.

4.3 Results and Discussion
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Figure 4-1. Schematic illustration of synthesis and structure of MoFe@NG prepared via the template
pyrolysis method at high-temperature.
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Figure 4-2. XRD patterns of MoFe@NG, Mo@NG, Fe@NG, and NG.

Figure 4.3. SEM images of MoFe@NG, Mo@NG, Fe@NG, and NG.
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Figure 4-4. TEM images and corresponding schematic illustrations for a) NG, b) Mo@NG, c) Fe@NG,
and d) MoFe@NG. N atoms: dark blue; Mo atoms: grey; Fe atoms: light blue.

The detailed information and experimental schematic diagram are illustrated in Fig.
4-1. Atomic metal or dimer species were in-situ anchored via a sacrificial template.
Briefly, the metal salt precursor (FeCl3, FeCl2 and MoCl5) are mixed with glucose and
dicyandiamide (DCDA), followed by heat-treatment in argon atmosphere at 900 °C,
which is denoted as FeMo@NG. For comparison, the prepared NG and Mo- or Febased single atoms monodispersed on the NG were synthesized as well, with the
samples denoted as NG, Mo@NG, and Fe@NG, respectively. The structure and
composition of prepared catalysts were characterized by XRD, SEM, and STEM. As
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shown in Fig 4-2, there is no obvious diffraction peak that can be observed for NG,
Mo@NG, Fe@NG and MoFe@NG in the XRD spectra, which indicates the amorphous
states of metal species and no formation of crystalized impurity particles in the
composites. As revealed by the SEM and TEM images in Fig 4-3 and Fig. 4-4, all the
samples show a typical graphene sheet-like morphology with folds and wrinkles, and
without any observable nanoparticles. All above characterization result suggest that the
metal species in the N-doped graphene are probably highly dispersed and not
sufficiently crystalized. To visualize the distribution of metal species in these asprepared catalysts, the delicate morphology and microstructure of the resulting samples
were further investigated by STEM. As shown in Fig. 4-5a-c, there are no obvious
particles in the composite and individual atoms cannot obviously be detected. But the
different metal atoms and adjacent Mo and Fe atom can be detected in aberrationcorrected high-angle annular dark-field (HAADF) images collected by a STEM on the
atomic scale, as shown in Fig. 4-5d-e, suggesting the successful synthesis of FeMo
dimer in FeMo@NG sample. The HAADF intensity for atoms of different elements is
proportional to the product of the square of the average atomic number (Z 2). The lowvoltage spherical aberration-corrected transmission electron microscopy (LVACTEM)
images of the samples revealed that metal single atoms were anchored on N-doped
graphene support with brighter dots than carbon atoms. It is well known that transition
metal single atoms can be easily located on the defects of graphene or connected to
functional nitrogen groups.
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Figure 4-5. (a) Schematic illustrations of Fe and Mo atoms co-dispersed on nitrogen-doped graphene (N
atoms: dark blue, Mo atoms: grey, Fe atoms: light blue); (b) TEM image, (c) LVACTEM image; and (de) HAADF-STEM images of FeMo@NG.
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Figure 4-6. Raman spectra of MoFe@NG, Mo@NG, Fe@NG, and NG.
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Figure 4-7. (a-c) STEM image and corresponding element distributions of FeMo@NG; (d) EELS
spectrum (enlargements in insets) collected from the selected area in (a); (e-h) elements distributions in a
small area.

The defect structure of N-doped carbon in NG, Mo@NG, Fe@NG, and MoFe@NG
was investigated by Raman spectroscopy (Fig. 4.6).The D band (~ 1340 cm-1) and the
G band (~ 1586 cm-1) in the spectra are ascribed to disordered carbon (sp3) and the
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ordered carbon (sp2) of graphite, respectively. The intensity ratio of the D to the G band
(ID/IG) for different catalysts showed that MoFe@NG has a higher value (1.33) than
Mo@NG (ID/IG = 1.11), Fe@NG (ID/IG = 1.20) and NG (ID/IG = 1.13), which indicated
that the MoFe@NG possessed more defects and better conductivity.146 These numerous
defects are beneficial as single metal atom sites as well. The adjacent Mo and Fe atomic
dimer species on graphene was further investigated by STEM assisted by energy
dispersive spectroscopy (EDS) and electron energy loss spectroscopy (EELS), as
shown in Fig. 4.7. The atomic resolution HAADF-STEM image showed that both
isolated Fe/Mo single atom and FeMo dimer are homogeneously dispersed in the fewlayered graphene lattice as shown in Fig. 4.7a-c. Meanwhile, as shown in Figure Fig.
4.7d, the EELS spectra acquired from the selected areas demonstrate that Fe, Mo, and
N signals are always detected. Although the specific N coordination of these edge-site
Fe or Mo atoms could not be directly discerned with STEM-EELS due to their
instability, even under an 80 keV electron beam, the coexistence of Mo and Fe atoms
can be confirmed by atomic-scale STEM-EDS chemical imaging. Chemical mapping
in a small area, as shown in Fig. 4.7 g-h, also indicates that Fe or Mo atoms on graphene
layers are consistent with the bright dots in Fig. 4.7 f, demonstrating possible chemical
bonding between metal and nitrogen as well.
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Figure 4-8. XPS spectra of a) C 1s b) N 1s c) Fe 2p and d) Mo 3d of MoFe@NG; e) The normalized
XANES spectra at the Mo K-edge of the MoFe@NG, MoO3 and Mo foil. The inset shows the enlarged
spectra at the Mo K-edge; f) The normalized XANES spectra at the Fe K-edge of MoFe@NG, Fe2O3 and
Fe foil. The inset shows the enlarged spectra at the Fe K-edge.
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X-ray photoelectron spectroscopy (XPS) analysis is conducted to gain more insight
into the chemical states of elements in the as-prepared materials. As shown in Fig. 4.8
(a-d), the C 1s spectrum confirms the existence of C-C (~284.6 eV), C-N/C-H (~285.7
eV) and C=O (~288.95 eV) in FeMo@NG. Meanwhile, the N 1s spectrum reveals the
coexistence of four types of N species for all samples, including quaternary N (~ 401.5
eV), pyridinic N/N-Fe (~ 398.6 eV), pyrrolic N (~ 400.3 eV), and oxidized N (~ 403.5
eV). An additional peak at ~397.5 eV for MoFe@NG also can be attributed to N-Mo
bonds.147 These results further confirm the FeMo dimer may coordinate with N atom
as the form of FeMoNx. The XPS quantitative analysis of the five kinds of N are listed
in Fig. 4-9.
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Figure 4-9. XPS quantitative analysis of quaternary N, pyridinic N/N-Fe, pyrrolic N, oxidized N and NMo on NG, Mo@NG, Fe@NG, and MoFe@NG obtained from survey spectra.
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Fig. 4-10. XPS spectra (a) N 1s of MoFe@NG, Mo@NG, Fe@NG, and NG; (b) Mo 3d of MoFe@NG
and Mo@NG; and (c) Fe 3p of MoFe@NG and Fe@NG.

In addition, the signals at 723.8 eV and 709.8 eV for Fe2+, 716.6 eV and 711.2 eV
for Fe3+, 712.5 eV for FeNx, and along with 707.0 eV for Fe (0) were clearly recorded
in the Fe 2p spectra of MoFe@NG.148 In addition, for Mo 3d spectra, the peaks at 235.0
eV and 233.8 eV can be assigned to binding energies of 2d3/2 of Mo6+ and Mo4+. The
other peaks a are Mo6+ 3d5/2 (232.0 eV), Mo4+ 3d5/2 (229.5 eV) and metallic Mo
(228.0 eV).149-150 Notably, the binding energies for Fe 2p in Fe@NG and MoFe@NG
show no obvious shift (Fig. 4.10). A similar result also can be observed for the Mo 3d
spectra in Mo@NG and MoFe@NG. Moreover, X-ray absorption near-edge structure
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(XANES) spectroscopy were applied to probe the valence state and electronic structure
of Mo and Fe in the MoFe@NG (Fig.4.8. e and f). As shown in normalized XANES
spectra at the Mo K-edge of the MoFe@NG, the position of sample located between
the MoO3 and Mo Foil, suggesting the oxidation state of Mo was between two reference.
For the Fe K-edge XANES spectra, the threshold energy (E0) and the maximum energy
(Epeak) of the Fe K-edge for MoFe@NG are similar to those of the Fe Foil, which
confirmed the metallic nature of the Fe atom and dimer on the MoFe@NG.
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Figure 4-11. (a) Schematic illustration of the electrocatalytic reactor for N2 conversion to NH3; (b) LSV
curves collected under Ar and N2-saturated electrolyte; (c) Chronoamperometric curves of FeMo@NG at
different applied potentials; (d) UV-Vis absorption spectra of electrolyte with salicylic acid after charging
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under different applied potentials; (e) Yield of NH3 and Faradaic efficiency at different potentials for
MoFe@NG; (f) The NH3 yield rates and (g) the Faradaic efficiencies of MoFe@NG, Fe@NG, Mo@NG,
and NG at different potentials.
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Figure 4-12. Comparative HER polarization curves for 20% PtC, Fe@NG, Mo@NG, MoFe@NG, and
NG collected in Ar-saturated 0.1 M KOH electrolyte.

The electrocatalytic activity of MoFe@NG towards the NRR is first evaluated by
linear scan voltammetry (LSV) in both Ar-saturated and N2-saturated 0.25 M LiClO4
electrolyte as shown in Fig. 4.11. Obviously, the responsive current density curves in
N2 are higher than that in Ar between 0 and 0.58 V, but the two curves gradually
approach each other below -0.6 V, as shown in Fig. 4.11b. These results indicate that
the hydrogen evolution reaction (HER) gradually dominates the electrochemical
process with increasing potential. Since the HER is considered as the main competing
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reaction during the NRR process, the HER performance is thus investigated in Ar
saturated 1.0 M KOH. The LSV curves (Fig.4-12.) suggest that MoFe@NG possesses
inferior HER kinetics compared with Fe@NG and Mo@NG, which suggests that the
MoFe@NG is more suitable for NRR process.
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Figure 4-13. UV-Vis absorption spectra of electrolyte with salicylic acid after charging under different
applied potentials. a) NG, b) Mo@NG, c) Fe@NG. The yield rate of NH3 and Faradic efficiency at different
potentials for b) NG, d) Mo@NG, f) Fe@NG.

Figure 4-14. UV–vis absorption spectra of the electrolyte after charging at -0.2 V versus RHE by using N2
and Ar.

Figure 4-15. Watt and Chrisp method for N2H4ꞏH2O quantification. (a) UV-vis curves and (b) calibration
curve of various N2H4ꞏH2O concentrations. The absorbance at 457 nm was measured by a UV-vis
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spectrophotometer. The standard curve showed a good linear relation for absorbance with the NH4+ ion
concentration (y = 0.6166X + 0.00457, R2 = 0.999). The inset in (b) shows the chromogenic reaction of
para-dimethylamino-benzaldehyde indicator with N2H4ꞏH2O, showing that no hydrazine was detected for
FeMo@NG at -0.4V vs. RHE.

Figure 4-16. Cyclic voltammograms for the synthesized samples; a) NG, b) Mo@NG, c) Fe@NG, and d)
MoFe@NG. (e) The charging current density difference plotted against scan rate.
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The electrocatalytic NRR performance of MoFe@NG is evaluated by
chronoamperometry in N2-saturated electrolyte for 6 hours in a 3-electrode electrolytic
tank (Fig.4-11. a). As shown in Fig. 4.11.c, the responsive current density under
different applied potentials is recorded, and the current showed an increasing trend with
increasing voltage. Ultraviolet-visible (UV–Vis) absorption spectra of the reacted
electrolyte are collected and the NH3 yield is detected as shown in Fig. 4-11d. The NH3
yield rates and FE for MoFe@NG under -0.2 V, 0.4 V, -0.6 V, and -0.8 V are calculated
and compared as shown in the Fig. 4-11e. The highest NH3 yield rate of 14.95 µg h-1
mg-1 is obtained at -0.4 V, while the highest FE of ~ 41% is obtained at -0.2 V. In
addition, the electrochemical NRR performance of Mo@NG, Fe@NG, and NG are also
investigated by chronoamperametry and UV-Vis (Fig. 4-13). All the NH3 yield and FE
results is summarized in Fig. 4-13f-g, compared with single atom system, the
MoFe@NG exhibited the best NRR performance. The yield rate almost three times
higher than that of the second-highest Fe@NG. The clear difference suggests that the
atomically dispersed dual-metal species FeMo dimer may be the source of the active
sites for NRR performance. Moreover, almost no ammonia was detected as shown in
UV/Vis spectra (Fig. 4-14), suggesting N2 is the major origin of as-obtained ammonia.
In order to analysis the additional reaction, N2H4 was detected via method of Watt and
Chrisp.132 There is no color change observed between before and after electrolysis
under −0.4 V by adding N2H4 color reagent (Fig. 4-15), suggesting high selectivity for
NH3 over FeMo@NG. Generally, compared with monoatomic system, MoFe@NG
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exhibits superior NRR electrochemical performance owing to highly efficient catalytic
activity and reaction selectivity. Furthermore, the higher effective surface area of
MoFe@NG is beneficial for the electrocatalytic NRR as well, which is reflected by its
electrochemical double-layer capacitance (Cdl) (Fig. 4-16).

Figure 4-17. Five possible structures of FeMo@NG were considered based on the relative positions of Fe
and Mo atoms with corresponding formation energies.
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Figure 4-18. Free-energy diagrams for N2 reduction through alternating (blue) and distal (red) mechanisms
on (a) FeN4 and (b) MoN4. (c) The possible structure for Fe and Mo relative positions supported on
FeMo@NG. (d) Free-energy diagrams for N2 reduction through alternating and distal mechanisms, and (e)
corresponding structures of the reaction intermediates on FeMoN6. Gray, cyan, yellow, blue, and white
balls, and * represent the C, Mo, doped/adsorbed N atoms, H, and adsorption site, respectively.
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Figure 4-19. Free-energy diagrams for N2 reduction through (top) distal and (bottom) alternating pathways
as well as the corresponding structures of the reaction intermediates over Fe@NG. Gray, blue, purple, and
white balls represent the C, N, Fe, and adsorbed H atoms, respectively.

Figure 4-20. Free-energy diagrams for N2 reduction through the (top) alternating and (bottom) distal
pathways as well as the corresponding structures of the reaction intermediates over the Mo@NG. Gray,
blue, cyan, and white balls represent the C, N, Mo, and adsorbed H atoms, respectively.
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To gain theoretical insight into the reaction mechanism, DFT calculations are
employed to simulate the corresponding reaction pathways on Fe@NG, Mo@NG and
FeMo@NG surfaces based on the model of FeN4, MoN4 and FeMoNx, respectively,
as shown in Fig. 4-18. As the first step, the possible relative positions of Fe and Mo
atoms supported on nitrogen doped graphene using DFT calculations. Five possible
structures and corresponding formation energies are listed in Fig. 4-17. Compared to
the FeMoN8, the FeMoN6 structure exhibited the lowest formation energy with 0.09
eV, which indicates the most possible structure for Fe and Mo relative positions.
Therefore, we used the FeMoN6 as the model for DFT calculations. The Gibbs free
energy (G) for each step involved in the N2 reduction at 0 V versus RHE on FeN4,
MoN4, and FeMoN6 was calculated. As shown in Fig. 4-18d, the adjacent Fe and Mo
atoms play an important role in polarizing and activating N2 molecules with an
appropriate bonding free energy of -0.14 eV, whereas the FeN4 (-0.84 eV) and MoN4
(-2.39 eV) will have strong interaction with N2 (Fig. 4-18a and b). The weakened
intermediate NN* on FeMoN6 sites is more active for the following hydrogenation
process. Moreover, as shown in Fig. 4-18a, the FeN4 undergoes an alternating pathway,
although the formation of *NHNH and *NNH2 are both energetically downhill
(exothermic), but Gibbs free-energy (ΔG) of *NHNH is much lower than that of *NNH2.
(Fig. 4-19). For the MoN4 (Fig. 4-18b), The ΔG from *NNH to *NNH2 is -0.63 eV,
which is much more negative than from *NNH to *HNNH (0.54 eV) (Fig. 4-20). As
such, the MoN4 undergoes a distal pathway. As shown in Fig. 4-18d and e, the reaction
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over the FeMoN6 is also subject to an alternating mechanism, the ΔG for from *NNH
to *NNH2 and *HNNH is same, the ΔG (-1.2 eV) from *HNNH to *HNNH2 is much
lower than that from *NNH2 to *N (-0.62 eV), so the MoFeN6 is more favourable for
the alternating pathway. Furthermore, among all the steps on FeMoN6, the highest
energy barrier is the NH3 dissociation (U = 0.906 eV), indicating that this is the ratedetermining step, which is much lower than that of the rate-determining step (N2
dissociation, U = 1.634 eV) for FeN4 and MoN4 (NH3 dissociation, U = 2.036 eV).
Herein, based on the DFT calculation results, it is concluded that the more feasible
activation of N2 and relatively low NRR energy barrier of the FeMo composite result
in enhanced activity relative to Fe@NG and Mo@NG.

4.4 Conclusion
In conclusion, atomic transition metal dimer electrocatalyst is designed and
successfully synthesized by a sacrificial template method. Atomic metal or dimer
species were in-situ anchored and dispersed on defect-rich graphene layers. The
obtained FeMo@NG is employed to selectively accelerate the nitrogen reduction
reaction kinetics and to circumvent the additional reaction in the nitrogen reduction
reaction process by numerous FeMoN6 active sites, realizing selective and high
efficient electroreduction of nitrogen to ammonia. Compared with isolated single atom
systems, this unique dual-metal atomic structure exhibits superior NRR performance
by accelerating the catalytic kinetic and alleviating the additional reaction with a yield
rate of 14.95 µg h-1 mg-1 at -0.4 V and FE of 41.7 % at -0.2 V. Based on the DFT
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calculation, FeMo@NG indicates a more feasible activation of N2 and relatively low
NRR energy barrier result in enhanced activity relative to Fe@NG and Mo@NG.
FeMoN6 was proposed as the active site, which simultaneously weakens N≡N bond
and efficiently catalyzes nitrogen reduction through the distal pathway without N2H4
formation.
Table 4-1. Comparison of the NRR electrocatalytic activity of Mo2C/C and other catalysts
under ambient condition (25 °C, 100 kPa).
Catalyst

Electrolyte

NH3 Yield Rate

FE (%)

Ref.

Tetrahexahedral

0.1 M KOH

1.65 (g h-1cm-1)

3.879

151

@ -0.2 V vs. RHE

@ -0.29 V vs. RHE

0.05 M

120.9 (µg h-1mg-1)

29.6

H2SO4

@-0.2 V vs. RHE

@-0.2 V vs. RHE

0.1 M KOH

2.8 (µg h-1mg-1)

~ 4.5

@ -0.2 V vs. RHE

@ 0.0 vs. RHE

43.6 (µg h-1mg-1)

9.26

@-0.55 V vs. RHE

@ -0.55 V vs. RHE

29.43 (µg h-1mg-1)

1.9

@ AT
-0.5 V vs. RHE

@ -0.3 V vs. RHE

-1
-1
8.09
(µgVhvs.
mg
)
@ -0.2
RHE

11.59

@ -0.2 V vs. RHE

@ -0.2 V vs. RHE

23.21 (µg h-1mg-1)

10.16

@ -0.2 V vs. RHE

@ -0.2 V vs. RHE

21.4 (µg h-1mg-1)

8.11

@ -0.2 V vs. RHE

@ -0.2 V vs. RHE

8.3 (µg h-1mg-1)

10.10

@ -0.2 V vs. RHE

@ -0.2 V vs. RHE

Au nanorods
Ru SAs/NC

Pd0.2Cu0.8/rGO

Nb2O5 Nanofiber

MoO3 Nanosheet

Polymeric carbon

0.1 M HCl

0.1 M HCl

0.1 M HCl

nitride (PCN)
Bi4V2O11/CeO2

Au Sub-

0.1 M HCl

0.1 M HCl

Nanoclusters
@TiO
a-Au/CeOx–RGO

0.1 M HCl
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Au Nanocage

3.9 (µg h-1cm-1)

30.2

@ -0.5 V vs. RHE

@ -0.5 V vs. RHE

0.1 M

23.88 (µg h-1mg-1)

~0.21

KOH

@-0.4 V vs. RHE

@-0.2 V vs. RHE

0.5 M
LiClO4

Rh NNS

MoFe@NG

0.25 M

-1

-1

14.95 µg h mg

41.7 %

137

156

This
work

LiClO4
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5.1 Introduction
Electrocatalytic hydrogen evolution reaction (HER) as a sustainable technology, is
attracting increasing attention, which can produce clean energy carrier, H2, driven by a
renewable resources such as solar and wind energy.157-159 As the core of electrocatalytic
HER process, the catalyst plays an import role, which significantly affect the overall
performance. Therefore, significant efforts have been made to design and develop more
cost-effective, high-efficient HER catalysts. Molybdenum disulphide (MoS2) with edge
sites has been proven the promising HER performance theoretically and
experimentally.160-164 Edge-riched MoS2 is believed to possess a moderate 𝛥𝐺𝐻0 ~0 to
compromise the reaction barriers during the adsorption and desorption steps, owing
to the gap states even closer to the Fermi level.160, 165 However, most reported MoS2
still suffer from low HER activity, therefore, to optimize the intrinsic activity of MoS 2,
a series of strategies such as phase conversion166-169, strained sulphur vacancies170-173
and interface engineering174-176 has been applied into designing highly efficient MoS2based HER catalyst. However, it seems that the overall performance of MoS2 is still far
from being satisfactory in practical application.
Recently, the strategy of metal-doping in MoS2, such as ultra-high atomic efficiency
of single atom catalysts,177 has been widely applied to optimize the intrinsic activity of
MoS2, generate the more active sites and improve reaction kinetics for specific
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reaction.178 A series of metal-doped MoS2 were reported, such as Zn-doped179, Codoped180-182, Pd-doped183, Ru-doped184, Pt-doped13 MoS2 for specific reaction.185-186
Such the atomic-scale modified MoS2 can effectively enhance the catalytic activity,
which benefits from the highly dispersed metal active sites without the rest of the
inactive bulk material, and accompany by the introduction of S/Mo vacancies or metal
1T-phase transformation. However, most metal doping process were conducted under
tough experimental condition, such as chemical vapor deposition (CVD) under the high
temperature and pressure or complicated multistep reactions. Recently, potential
cycling methods has been regarded as a promising method to prepare metal single atom,
which result from the electrochemical activation of substrate and dynamics of
electrochemical Pt dissolution and redeposition (Pt⇌Pt2+ + 2e-), typical example such
as PtSA-NT-NF,187 Mo2TiC2Tx–PtSA188. Although experimental research and
theoretical results189-190 have reported the superior HER activity of Pt-doped MoS276,
191-192

, the intrinsic mechanism for the HER enhancement in Pt doped MoS2 has yet to

be completely elucidated, especially for the roles of Pt single atom.
Herein, we report on the preparation of Pt-doped MoS2 using a potential-cycling
method, which can simultaneously achieve vacancy engineering, Pt doping of MoS 2
and partial phase conversion. Aberration-corrected high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) study reveals the atomiclevel dispersion of Pt. The electronic evolution of MoS2 after Pt doping was revealed
by XPS and XAS. Experimental results show that the Pt single atom doped 1T-MoS2
exhibits good catalytic activity and stability for HER. DFT calculation further reveals
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that the contribution of Pt atom in 1T-MoS2 system. And the S atoms adjacent to the Pt
atoms act as the real active site with optimal 𝛥𝐺𝐻0 of -0.04 eV. This study not only
provide precise position of Pt atom, but also understand the intrinsic electrocatalytic
nature in Pt doped MoS2.

5.2 Experimental Section
5.2.1 Materials Preparation
5.2.1.1 Synthesis of MoS2
MoS2 was prepared by a one-step hydrothermal method. 0.4 mmol Na2MoO4.2H2O
mixed with 0.9 mmol thioacetamide was dissolved in 30 mL of deionized water and
sonification for 30 min. Then the solution was transferred into a 50 mL Teflon-line
autoclave and maintained at 190 ℃ for 20 hours. After cooling, the resultant product
was filtrated, washed with deionized water and ethanol, dried at ambient environment.
5.2.1.2 Synthesis of Pt@MoS2
The Pt@MoS2 was prepared by potential cycling method. Firstly, 2 mg of asprepared MoS2 was sonicated in 1 mL 1‰ Nafion solution, and 200 uL homogenous
MoS2 solution was dropped on 1 cm2 carbon paper (MoS2/CP). The cycling process
was conducted in typical 3-electrod cell, which using the MoS2/CP, Ag/AgCl, Pt wire
and 0.5 M H2SO4 as the working electrode, reference electrode, counter electrode and
electrolyte, respectively. Pt content in MoS2 was controlled by the cycling number (250,
500, 750, 1000, 2000 cycling), which is performed between -0.02 V and -0.72 V vs.
Ag/AgCl with the scan rate of 20 mV s-1. And 1000 cycles will take about 14.5 hours.
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5.2.2 Materials Characterization

The phase data were analyzed by XRD on an MMA diffractometer equipped with
Cu Kα radiation (GBC, MMA), which operated from 10˚ to 80˚ in continuous scan
mode with a scan rate of 1.5˚ min-1. The structure and morphology of the sample were
investigated on a field emission scanning electron microscope (FESEM; JEOL JSM7500) and a transmission electron microscope (TEM; JEOL-2010). Atomic resolution
analytical microscope investigations were conducted using scanning TEM (STEM;
JEOL ARM 200F), which was operated at 80 kV and equipped with a cold field
emission high-resolution pole piece and a Centurio energy dispersive spectroscopy
(EDS) detector. X-ray photoelectron spectroscopy (XPS) experiments were carried out
on a VG Scientific ESCALAB 2201XL instrument using aluminum Kα X-ray radiation.

5.2.3 Electrochemical Characterization

All electrochemical tests were conducted on an electrochemical workstation () using
a three-electrode configuration. For elctrocatalytic HER experiment, the linear sweep
voltammetry was conducted in Ar-saturated 0.5 M H2SO4, 1 M KOH with scan rate of
10 mV s-1 respectively, using the graphite rod. The reference Ag/AgCl was calibrated
versus RHE, ERHE= EAg/AgCl+0.0591 × pH+0.197 V. The cycling performance was
performed using cyclic voltammetry method between 0 to -0.5 V (vs. RHE) at scan rate
of 100 mV s-1. The electrochemically active surface area (EASA) was evaluated in the
potential window 0.1-0.2 V (versus RHE) at scan rate ranging from 20 to 100 mV s-1.
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Electrochemical impedance spectroscopy (EIS) measurements at overpotential of 100
mV vs-1. RHE in the frequency range from 106 Hz to 0.01 Hz.

5.2.4 DFT Calculation

All these formation energies of Pt atom on varies sites were calculated by Eq. 1
(Figure 5a-e),
Ef = Etotal – NMoμMo – NSμS –NPtμPt (1)
where Etotal is the total energy of systems, μMo, μS and μPt are the chemical potentials
of Mo, S and Pt atoms in their bulk, NMo, NS and NPt are the amount of Mo, S and Pt
atoms in systems.
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5.3 Results and Discussion

Figure 5-1. Formation of Pt doped MoS2. (a) Diagram of HER process over the Pt@MoS2 along with more
Pt atoms doping in the MoS2. (b) Illustration of the electrochemical doping process of Pt@MoS2 using Pt
wire as the counter electrode. (c) XRD spectra of MoS2 with different cycling number and carbon paper.
(d) Raman spectrum of MoS2 with different cycling numbers. (e) TEM images of Pt@MoS2. (f) STEMEDS element mapping of Pt@MoS2, Scale bar: 100 nm. (g) STEM images for Pt@MoS2, these bright
contrast spots are attributed to Pt atoms.

As shown in Fig. 5-1a, b, the electrochemical activation and in situ doping were
conducted by performing repeated linear sweep voltammetry scans in acidic media
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using a 3-electrodes system. Briefly, the Pt wire (d=0.3 mm), Ag/AgCl, and carbon
paper supported MoS2 as the CE, RE and WE, respectively. During the cycling process,
the Pt atom dissolved in the solution, the H+ attacked the MoS2 plane, and the Pt atom
may be integrated into MoS2 when the Mo vacancy generation.66 The continuous
deposition of Pt atoms in MoS2 is supported by XRD patterns. As shown in Fig. 5-1c,
after 2000 scanning cycles, there is a characteristic diffraction peak locating at
33.36°attributed to the PtO2 (011),193 which is differ from that of pristine MoS2.
Furthermore, the XRD pattern of MoS2 after 1000 cycling does not show the peak of
Pt-related, suggesting that the Pt species may be extremely tiny or homogenously
dispersed on MoS2. Meanwhile, the structure evolution process was investigated by
Raman characterization of catalysts after different cycling numbers (Fig. 5-1d). With
the increasing of cycling number, the Raman peaks at J1 (148 cm-1)194 and J2 (226 cm2 195

)

of 1T MoS2 is gradually emerged, especially obvious for the MoS2 after 2000

cycling. This result indicates the MoS2 phase conversion from 2H to 1T during Pt
doping process. The morphology evolution of the MoS2 nanosheets is presented in Fig.
5-2. As shown in Fig. 5-2, the SEM investigation show typical ball-flower-like MoS2
and no obvious variation of morphology with the cycling process. Then the morphology
of MoS2 after different cycles is further observed by TEM (Fig. 5-3 and Fig. 5-1e). The
TEM images show the flower-like MoS2 with petal-like structure with thickness of
several nanometers (Fig. 5-1e). Interestingly, even after 1000 cycles, no Pt-related
clusters can be observed, but the interlayer spacing of MoS2 increase from 6.2 Å to 7.3
Å (Fig. 5-4). The slight increase of spacing suggests that the Pt atom may be
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intercalated into MoS2 host or partial phase transition. Moreover, the continuous TEM
observation shows that there are obvious 2 nm of Pt clusters on the surface of MoS 2
after 2000 cycles due to the continuous accumulation of Pt atoms. The morphology and
lattice structure of Pt-doped MoS2 was further evaluated by the STEM and the
corresponding energy-dispersive X-ray spectroscopy (EDS) (Fig. 5-5 and Fig. 5-1f).
The EDS mapping was performed on MoS2 after 1000 cycles, which exhibits
homogeneous elemental distribution of S, Mo, and Pt elements (Fig. 5-1f) and denoted
as Pt@MoS2. In addition, as revealed by the high-angle annular dark-field scanning
TEM under 80 keV (HAADF-STEM) of Pt@MoS2, there are two kinds of crystal
phases, including hexagonal pattern of 2H MoS2 and octahedral 1T MoS2. And the
atomic-level bright spots scatter over MoS2 plane, the heavy constituent atoms are
assigned to Pt atoms. The above result indicates that the cycling process introduce the
Pt atoms into MoS2 lattice and simultaneously achieve partial phase conversion of
MoS2 from 2H to 1T, which is well in line with the Raman results.
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Figure 5-2. SEM images of MoS2 with different cycling numbers. (a) initial MoS2, (b) after 500 cycling,
(c) after 1000 cycling, (d) after 2000 cycling. Scale bar: 1 μm. There is no Pt-related nanoparticle observed
in MoS2 for four stages.

Figure 5-3. TEM images of MoS2 with different cycling numbers using the Pt wire as the counter electrode.
(a) initial MoS2, (b) after 500th cycling, (c) after 1000th cycling, (d) after 2000th cycling. After 2000 cycles,
there is obvious Pt nanoparticles dispersed on MoS2.
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Figure 5-4. Magnified TEM images of MoS2 with different cycling numbers. (a) initial MoS2, (b) after 500
cycling, (c) after 1000 cycling, (d) after 2000 cycling. Interestingly, after 1000 cycling, the interlayer
spacing of MoS2 increase from 6.2 Å to 7.3 Å. The slight increase of spacing suggests that the Pt atom may
be intercalated into MoS2 host, accompanying by changes in both the geometric and electronic structure of
MoS2. But after 2000 cycling, there are obvious 2 nm of Pt clusters being observed on the surface of MoS2.

Figure 5-5. (a) TEM images of MoS2 with 1000 cycling, and (b) corresponding EDS spectrum. Besides
the S and Mo element, the signal located at ~10 keV is belong to Pt La, which indicates the potential cycling
process introduces the Pt atom into MoS2 host. And the Pt content is about 3 at.%.
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Figure 5-6. HER performance of Pt@MoS2. (a) LSV curves, and (b) corresponding Tafel slops of 20%
PtC and MoS2 with different cycling numbers. (c) Stability measurements for Pt@MoS2 using accelerated
degradation tests (1000 cycles, 100 mV s−1, without iR correction); inset, the chronoamperometry curve of
Pt@MoS2 at -0.16V vs. RHE. (d) Comparison of Tafel slope and overpotential (10 mA cm−2) for various
MoS2 catalysts in acid media. Values were plotted from references (Table 5-1).
Table 5-1. A comparison of the HER performance of the MoS2-based electrocatalysts.
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The electrochemical characterization of MoS2 at different stages was performed in
0.5 M H2SO4 electrolyte using the graphite rod as the counter electrode. The proof
93

Chapter 5Electrochemical Activation of MoS2 via Potential-Cycling Pt doping for Efficient HER

experiment revealed that the HER performance of MoS2-based electrode gradually
improves with the increasing of cycling number before 1000 cycling (Fig. 5-6).
Comparing the LSV curve of pristine MoS2, there is 10 times current density increment
at -0.1 V vs. RHE after 1000 cycles. The Pt@MoS2 exhibits the best HER performance
among all the samples, which just needs 95.47 mV to reach 10 mA cm-2 and achieve a
two-third decrease in η10 by comparison to the pristine MoS2 (η10=265.57 mV). In
addition, the Tafel slops were obtained to reveal the kinetics of H2 evolution of MoS2
at different stages (Fig. 5-6b). The Tafel slop value decreased from 88.07 mV dec-1 of
pristine MoS2 to 64.80 mV dec-1 by 1000 cycles, suggesting the accelerated HER
kinetics due to the introduction of atomically dispersed Pt atom. And HER process
might follow the Volmer-Heyrovsky mechanism (Volmer: H3O+ + e-=Hads+H2O,
Heyrovsky: H3O++e-+Hads=H2+H2O).200-201 The decreased overpotential and Tafel slop
all indicate the optimization process of MoS2 during the electrochemical procedure. It's
worth noting that, after 2000 cycling, the Pt clusters supported on MoS2 shows no
significant improvement for HER activity. This maybe resulted from that the Pt atoms
aggregate into cluster without contributing more active sites. These results are in
accordance with previous reports that Pt single atoms immobilized in a MXene lattice
possess better catalytic performance than Pt particles.188 To elucidate the improvement
of HER performance of MoS2, electrochemical impedance spectroscopy (EIS) was
conducted to evaluate the electrodes kinetic, the decreasing charge transfer resistance
(Rct) hint that the Pt-activated MoS2 boost the interfacial electron-transfer kinetics (Fig.
5-7). Meanwhile, the electrochemically active surface area (ECSA) values show an
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increase of 52.4%, from 21.44 mF cm-2 to 32.68 mF cm-2 by the 1000 potential cycling
(Fig. 5-8), suggesting more catalytically active sites were exposed during cycling
process. To further prove the deposition of Pt atom on MoS2, a control experiment was
conducted, the Pt wire was replaced by graphite rod. After 500 cycling, the HER
performance of MoS2 even has a slight drop (Fig. 5-9), which further demonstrate the
positive role of Pt atom. The stability of Pt @MoS2 was also evaluated by accelerated
degradation tests via cyclic voltammetry sweeps. As shown in Fig. 5-6c, it shows
almost no decay in HER activity for 1000 cycles, and no degradation in the long-term
durability measured at a static overpotential of 160 mV for 20 h. Moreover, the HER
performance of Pt SACs@MoS2 is superior to 1T-MoS28, 167 or S-vacancies MoS2179
and even comparable to some other noble metal doped MoS2199 or noble nanoparticle
on MoS2 (in Fig. 5-6d).

Figure 5-7. (a) Electrochemical impedance spectroscopy Nyquist plots for MoS2 samples with different
cycling numbers. (b) ZCT vs. cycling numbers. Electrochemical impedance spectroscopy (EIS) was
performed to learn the electrode kinetics of HER. In all the Nyquist plots, a semicircle was observed in the
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low frequency region, indicating the kinetic control in the electrode process. The equivalent circuit was used
to model the catalytic system, where Rs is attributed to the uncompensated series resistance, constant-phase
element (CPE) refers to the double-layer capacitance under HER conditions, and RCT (ZCT) represents
the charge transfer resistance in HER. The result in Figure S5 indicates the charge transfer resistance
improves with the increasing cycling numbers.

Figure 5-8. Electrochemical surface area (ECSA) investigation. CV curves are performed in 0.5 M H2SO4
solution in a potential window without faradaic processes. a) for initial MoS2, b) for MoS2 after 250 cycling.
c) for MoS2 after 500 cycling, d) for MoS2 after 1000 cycling. e) Scan rate dependence of the average
capacitive currents for MoS2 with different cycling. The ECSA increased almost a third from 21.44 mF cm-
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2

(initial MoS2) to 32.68 mF cm-2 (MoS2 after 1000 cycling). indicating the contribution from the potential

cycling.

Figure 5-9. LSV curves of MoS2 after different cycling using graphite rod as the counter electrode. The
HER performance has no significant change compared to that using Pt wire as the counter electrode, which
indicate the contribution of Pt atom in MoS2 for HER.
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Figure 5-10. Structural characterization of the Pt@MoS2. (a) HAADF-STEM images of Pt@MoS2, (Scale
bar: 1 nm). Two magnified views derived from (b) 2H area and (c) 1T area of (a). The corresponding
illustration of the atomic structure of (d) 2H-MoS2, and (e) 1T-MoS2 derived from (b) and (c), respectively.
(f) STEM images focusing on Pt doped MoS2 area, scale bar: 1nm. (g) HAADF intensity line profiles taken
along the numbered lines indicated in (f), and corresponding illustrations of atomic structure derived from
line 1 (pristine MoS2), line 2 (Pt at Mo vacancy), line 3 (Pt at Mo atop).

The lattice structure of Pt@MoS2 and the position of Pt atom was further evaluated
by the 80 kV HAADF-STEM. As shown in Fig. 5-10, a wide field of view of the
Pt@MoS2 plane is presented, which is composed of a small fraction of 2H phase
(indicated in triangular area) and a large region of 1T phase (indicated in rectangular
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area). The magnified view derived from the 2H and 1T area are shown in Fig .5-10b,
c. The characteristic hexagonal pattern and typical octahedral structure is associated
with 2H MoS2 and 1T MoS2, respectively. The intensity proﬁle analysis of the HAADF
image taken from indicated lines in Fig. 5-10b, 3c further confirm the crystal structures,
1T MoS2 exhibits smaller intensity ratio of S/Mo than that of 2H MoS2, as the two
overlapping S atom in trigonal coordinated 2H-MoS2 led to the enhanced signal (Fig.
5-11).202 The atomic structures of 2H and 1T are illustrated in Fig. 5-10d, e. Moreover,
as shown in Fig. 5-10f, the atomic-level bright spots scatter over MoS2 plane, and the
heavy constituent atoms are assigned to Pt atoms, which possess the average size of 1.6
nm. Besides, the intensity profile analysis is further conducted to investigate the
position of Pt atom in MoS2. The HAADF intensity line profiles taken from the
indicated lines (Fig. 5-10f), demonstrate that, in addition to the pristine 1T MoS2, there
is evidence for Pt trapped in the Mo vacancy or bound to the top of the Mo atoms on
the MoS2 slab (Fig. 5-10g). In addition, the appearance of Pt doped MoS2 structure is
further investigated by XAS and DFT calculation results that discuss below.
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Figure 5-11. HAADF intensity line profiles taken the dashed lines indicated in Figure 3b and c, green/red
line is plotted within green/red area.
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Figure 5-14. Chemical states and coordination structures of the Pt@MoS2. High-resolution XPS spectra of
(a) S 2p, (b) Mo 3d of MoS2 and Pt@MoS2. (c) The change of Mo content and Pt content with the increasing
cycling numbers. (d) The normalized Pt L3-edge XANES spectra of PtO2, Pt Foil and Pt@MoS2. (e) The
FT-EXAFS spectra of the Pt L3-edge in Pt Foil, PtO2 and Pt@MoS2. (f) The FT-EXAFS spectra of the Mo
K-edge of Mo Foil and Pt@MoS2.

X-ray photoelectron spectroscopy (XPS) were carried to investigate the chemical
environment of Pt@MoS2. As recorded full XPS spectrum (Fig. 5-12) and statistical
result (Fig. 5-13), after 500 cycling numbers, the atomic ratio of Mo/S dramatically
decrease from 0.59 to 0.48, suggesting that the Mo atom may escape from the MoS2
plane under H+ attack and leave a lot of Mo vacancy as previously reported.66 The highresolution XPS of S 2p reveals the bonding energy change between the pristine MoS2
and Pt@MoS2 (Fig. 5-14a and Fig. 5-15), there is an obvious down-shift to lower
binding energy for Pt@MoS2. For Mo 3d spectra in pristine MoS2, the doublet peaks
centred at 232.3 eV and 229.2 eV are corresponding to Mo 3d3/2 and Mo 3d5/2 peak.203
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Similarly, the Mo 3d5/2 for Pt@MoS2 also shifts to the lower binding energy than that
of pristine MoS2, which may result from the partial phase conversion from the pristine
2H to 1T.110 After 500 scanning cycles, the Pt signal also can be detected for Pt@MoS2
(Fig. 5-16), and the valance state is unchanged with the cycling process. In addition,
the content variation of Pt and Mo atom is summarized in Fig. 5-14c. Apparently, the
Mo atom decreases from the 37.0 at % to 23.9 at % by 2000 cycles, while the Pt atom
increases from 0 to 5.5 at.%. This result suggests that the Mo atoms escape from the
MoS2 host and the dissociative Pt atoms may be immobilized by the Mo vacancy.
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Figure 5-15. High-resolution XPS spectra from a) S2p and b) Mo3d for MoS2-based catalyst with different
cycling numbers. Both S2p and Mo3d shift to lower binding energy side after potential cycling, indicating
the phase conversion of MoS2 from 2H to 1T.

Figure 5-16. High-resolution XPS spectra from Pt 4f for Pt@MoS2-based catalyst with different cycling
numbers. The peak for Pt 4f has no shift after different potential cycling numbers.

To further verify the coordination environment of Pt atom on MoS 2, the extended
X-ray absorption fine structure (EXAFS) and X-ray absorption near-edge structure
(XANES) spectroscopies were performed. In the Pt K-edge XANES (Fig. 5-14d), the
position of Pt@MoS2 located between the PtO2 and Pt foil, suggesting the oxidation
state of Pt was between these two references. The Fourier transform analysis of EXAFS
spectra of Pt@MoS2 was illustrated in (Fig. 5-14e). It can be found that there is an
obvious FT peak attributed to Pt-S coordination at 1.93 Å. Compared with Pt foil and
PtO2, no scattering peak derived from Pt-Pt or Pt-O was observed in Pt@MoS2, which
demonstrated that the Pt atom anchored by the Mo vacancy of MoS2. Moreover, for the
FT-EXAFS spectra of Pt@MoS2 at Mo K-edge, there is no Pt-Mo bond identified for
Pt@MoS2 sample. All these experimental results further reveal that the Pt was
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covalently bonded with the S atom on the surface of MoS2, which is well in line with
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Figure 5-17. Theoretical analyses. DFT optimized geometries of the three Pt doping configurations and
the corresponding formation energy. (a) Pt doped in Mo vacancy, (b) Pt doped in hollow site, (c) Pt doped
on Mo atop. (e) Free energy profiles of HER at the equilibrium potential over the different configurations
of Pt@MoS2. (f) Top view and side view of the structure of H atom absorbed on the S atom of Pt@MoS2
within Pt doped in Mo vacancy. (f) Projected p-orbital density of states of S. Site i indicates S atop site
adjacent to the Pt atoms in the Pt@MoS2; site ii indicates the in-plane S of the 1T basal plane.
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Figure 5-18. Formation energy calculations. (a) The formation energy of Pt doped on various site of 1T
MoS2. It is found that Pt located at Mo vacancies possess the highest formation energy of -69.40 eV, which
could confirm the Pt can exist stably in Mo vacancies. (b) The formation energy of Pt doped on various
sites of 2H MoS2. It is worth noting that all the formation energy of Pt doping in 1T MoS2 are higher than
that of pristine 1T MoS2. On the contrary, for 2H MoS2 system, all formation energy for Pt doped MoS2 is
lower than that of pristine 2H MoS2. This result suggests that the 1T MoS2 is more favourable for Pt doping.
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To investigate the effect of Pt atom in MoS2 and explore the reaction mechanism,
the DFT calculation was conducted. Before probing the intrinsic effects of Pt dopants
on the MoS2 for HER activity, the possible position of Pt atom in MoS 2 was further
investigated and confirmed via first-principles calculations. As demonstrated in STEM
images and XPS data, the cycling process introduces the Pt single atoms and achieves
phase conversion of MoS2 simultaneously, thus the Pt atom possibly dope into the 1T
MoS2. Moreover, the DFT calculate the formation energy (FE) of Pt doped in 1T MoS2
and 2H MoS2, respectively. The calculation results are compared in Fig. 5-18. For the
1T MoS2 system, the process of Pt doping is exothermic, while it is endothermic for Pt
doping in 2H MoS2. This result suggests that the 1T MoS2 is more favourable for Pt
doping. Thus, we considered the 1T MoS2 as the basic calculation model. First, three
possible cases have been taken into account (Fig. 5-17a), including Pt at Mo vacancy,
Pt at Mo atop and Pt at the hollow sites. And the calculated FE of Pt atom on varies
sites reveal that Pt at Mo vacancies possess the highest FE of -69.40 eV among different
configurations, which could confirm the Pt can exist stably at Mo vacancies. This result
is consistant with the STEM and XAS results. Furthermore, to probe the real active
sites and the intrinsic effects of Pt dopants on MoS2, the H adsorption free energy (ΔGH)
on different active sites was evaluated over the different configurations of Pt@MoS2.
As shown in Fig. 5-17d, the DFT calculation results reveal that the introduction of Pt
atom unambiguously contributes to the enhanced catalytic activity, as demonstrated by
the decreased absolute value of ΔGH of Pt doped MoS2. And when the Pt doped in Mo
vacancy, who possess the most favourable active site with the smallest absolute value
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of ~0.04 eV among these active sites. More excitingly, for this case, the HER process
actually occurs on the S site adjacent to the Pt atom as shown in Fig. 5-17e. Thus the S
adjacent to Pt atom act as the real active site for HER, this result is consistent with an
earlier research.183 To elucidate the contribution of Pt atom, the electronic structures of
different S atoms were elucidated by the projected p-orbital DOSs of S. As shown in
Fig. 5-17f, pristine MoS2 possess the more filled p-states than that of Pt@MoS2,
indicating the weakened interaction with Hydrogen and enhanced HER performance.
This may be owing to the ionization energy of Pt is larger than that of Mo, thus the S
atom adjacent to Pt get less electron than that of pristine S near the Mo. Evidenced by
experimental results and theoretical calculation, we conclude that Pt doped in MoS 2
enormously activate the pristine MoS2 by potential cycling method, which create the
Mo vacancy due to the H+ attack, anchor the dissociative Pt atom by S atom and the
modulated electronic structure of S atom adjacent to Pt.

5.4 Conclusion
In summary, the electrochemical potential cycling process has been developed to
produce Pt@MoS2, which activate MoS2 plane and trap single Pt atom. The geometric
position and coordination environment of Pt in MoS2 plane has been systematically
investigated and accurately identified by XAS and DFT method. The Pt atom integrated
into MoS2 exhibit high intrinsic HER activity with 𝜂10 = 95.47 mV, a Tafel slop of
68.08 mV dec-1 and higher electrochemically active surface area. DFT calculation also
systematically probe the catalytic contribution from Pt immobilization at MoS2 for
HER and reveal the S adjacent to the Pt served as the real active site. This work also
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paves the way for effectively designing the family of 2D materials for potential
application.
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Chapter 6 Atomic and Electronic Modulation of Ru-based
Catalytic Sites to Achieve a Highly Efficient Trifunctional
Electrocatalyst
6.1 Introduction
Exploring highly efficient and durable electrocatalysts to achieve multifunctional
catalytic activity is attracting much more attention owing to their potentially
widespread application, such as in oxygen reversible conversion reactions (ORR and
OER) for metal-air batteries and the hydrogen evolution reaction (HER) for water
splitting.26, 204-207 Various precious-metal-based catalysts are commonly served as stateof-the-art electrocatalyst for specific reactions, such as platinum (Pt) for oxygen
reduction reaction (ORR)208-210 and hydrogen evolution reaction (HER),20, 175, 188, 211-212
and Iridium (Ir) for the oxygen evolution reaction (OER).213-214 Nevertheless, their
scarcity, associated high cost, and questionable stability preventing them from having
widespread and sustainable application in energy conversion and storage
technologies.215-217 As a cheaper alternative to Pt, while having similar properties,
ruthenium (Ru) has been considered as a potential candidate, and various strategies
have been utilized to optimize its electronic structure for enhanced catalytic activity.
218-220

The strategy of downsizing to the atomic level together with broad dispersion has

emerged as a promising research frontier in catalysis with high industrial feasibility for
future applications, which would be able to achieve the maximum utilization efficiency,
such with other atomic-level catalysts. 2, 13, 221-222 In such aspects as the band gap, work
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function, and orbital overlapping, the catalysts vary greatly depending on the atomicity
and the size of metal species as well, which will be reflected in the energy barriers and
adsorption of intermediates (H*,O*, OH*, and OOH*) for specific reactions.223-224 It is
well known that Ru-based electrocatalysts were extensively studied for the OER, ORR,
and HER.218, 225-226 But up until now, very few research reports have hinted that Rubased material can accelerate ORR, HER and OER simultaneously and achieve
trifunctionality.227 Meanwhile, Ru element is tended to form nano- or even micro-meter
particles on carbon substrate, which will dramatically decrease the catalytic activity
from the perspective of utilization efficiency.219, 228 Therefore, developing an efficient
strategy to modify Ru electronic structures to accelerate ORR, HER and OER
simultaneously is highly desirable.43, 229-230 In addition, non-noble metal FeNxCy has
been proven to have good ORR performance both theoretically and experimentally,7, 94,
231-233

which can be comparable to that of the commercial ORR catalyst, PtC. The

ligand-modification strategy using the Fe-metal bond to design a bifunctional
electrocatalyst has been extensively studied and increasingly reported in recent
years.234-238 To the best of our knowledge, the FeNxCy based trifunctional catalyst is
unable to really satisfy the requirement for practical application due to its sluggish HER
kinetics.
Herein, we have introduced the FeNxCy species into an Ru-based system, and
bimetal atomic RuFe core-shell structures were successfully constructed and anchored
within nitrogen-doped graphene (with the product denoted as RuFe-N@NG). In this
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system, the introduction of ORR species that are superior FeNxCy species not only
optimizes the coordination environment and electronic structure of Ru-based active
sites to balance the tendency towards adsorption and dissociation of intermediates, but
also anchor and disperse Ru-based active sites and anchors them firmly and
homogenously on N-doped graphene-like two-dimensional (2D) substrates. Benefiting
from its optimal geometric structure and the electron-withdrawing feature of the
FeNxCy species around Ru-centres, which down shifts the d band of the Ru centre and
further weakens its binding energy of H-related intermediates. Therefore, RuFe-N@NG
exhibits powerful catalytic kinetics towards HER. And as the Fe-edge also exists in the
form of FeNxCy, the excellent ORR performance is guaranteed. Finally, a highly
efficient trifunctional catalyst is achieved. As a proof-concept application, the
assembled Zn-air battery containing this catalyst exhibited an extremely low charge and
discharge overpotential based on the highly efficient and reversible oxygen conversion
reaction, while it delivered 37 mA cm-2 at 1.5 V performance using RuFe-N@NG as
the anode and cathode electrocatalyst in water splitting system. Both the trifunctional
activity and stability of RuFe-N@NG are superior than that of the commercial PtC/IrO2.
This strategy of anchoring and dispersing atomic Ru-based alloy clusters by FeNxCy
open a new pathway for future material design. Furthermore, the DFT calculation
further reveals that the real HER active sites and ORR/OER active sites in RuFeN@NG are the Ru-centre and Fe-edge, respectively.
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6.2 Experimental Section
6.2.1 Materials Preparation
6.2.1.1 Synthesis of NG
N-graphene was prepared via a templates method with thermal annealing, using
glucose as the carbon precursor and dicyandiamide (DCDA) as the nitrogen precursor.
Typically, the glucose was mixed with DCDA (mass ration: 1: 20), and then annealing
proceeded by the following program in N2 to prepared N-doped graphene:
Room temperature → 207 °C (ramp rate: 5 °C min-1, kept for 2 h) → 550 °C (ramp
rate: 5 °C min-1, kept for 6 h) → 900 °C (ramp rate: 5 °C min-1, kept for 3 h).
Normally, after annealing at 550 °C, the layered graphic carbon nitride (g-C3N4)
forms and servs as a sacrificial template. In the following 900 °C annealing, the part of
the nitrogen atom escaped from carbon nitride and formed defect-rich nitrogen doped
graphene. The as-prepared sample was denoted as NG.
6.2.1.2 Synthesis of Ru@NG and RuFe-N@NG
15.14 mg Ruthenium (III) chloride (RuCl3), 0.21 g glucose and 8.4 g DCDA were
mixed together, and then annealed using the above program. The as-prepared Ru cluster
confined in N-doped graphene were denoted as Ru-N@NG. The preparation method
for RuFe-N@NG was same as that for Ru-N@NG, except that 2.27 mg FeCl2, 3.02 mg
FeCl3 and 7.57 mg RuCl3 were added.

6.2.2 Characterization
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The phase data were analysed by X -ray powder diffraction on an MMA
diffractometer equipped with Cu Kα radiation (GBC, MMA), which was operated in
range from 10˚ to 80˚ in continuous scan mode with a scan rate of 1˚ min-1. The structure
and morphology of the sample were measured on a FESEM (JEOL JSM-7500) and a
TEM (JEOL-2010). Atomic resolution analytical microscope investigations were
conducted using a STEM (JEOL ARM 200F), which operated at 80 kV and was
equipped with a cold-field emission a high-resolution pole piece, and a Centurio energy
dispersive spectroscopy (EDS) detector. XPS experiments were carried out on a VG
Scientific ESCALAB 2201XL instrument using aluminum Kα X-ray radiation.

6.2.3 Electrochemical Measurements

The electrochemical measurements were performed on an electrochemical
workstation (Princeton 2273 and 616 workstations) in a three-electrodes system, using
graphite carbon as the counter electrode, glassy carbon (GC) electrode as the working
electrode and Ag/AgCl (saturated KCl solution) electrode as the reference electrode.
All potentials were referenced to the reversible hydrogen electrode (RHE) with the
following equation.
ERHE = 0.059 pH + 0.197 + EAg/AgCl
In order to make the catalyst inks, catalyst (2 mg) was dispersed into 1 mL
Nafion/ISO (volume ratio: 400:1) and sonicated for 2h. Then 30 L of homogeneous
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catalyst ink was drop-casted on a polished glassy carbon electrode with a loading of 0.3
mg cm-2.
For the ORR measurement, the CV measurement was performed in N2- and O2saturated 0.1 M KOH solution from 0.23 V to 0.97 V with a scan rate of 100 mV s-1.
Linear scan voltammogram (LSV) curves were collected in a O2-saturated 0.1 M KOH
from 0.23 V to 0.97 V with a scan rate of 10 mV s-1 and different rotating speed (400
rpm-2500 rpm). With respect to OER and HER, the LSV curves were collected in an
O2-saturated and N2-saturatd 1.0 M KOH respectively, at the scan rate of 10 mV s-1 and
rotation speed of 1600 rpm.
Based on the RDE data, the electron transfer number of O2 involved in ORR progress
can be determined by Koutechky-Levich equation:
1 1
1
= +
j 𝑗𝑘 Bω1/2
Where jk is the kinetic current and ω is the electrode rotation rate. B can be
determined from the slope of the Koutechky-Levich (K-L) plots based on the Levich
equation as given below:
B = 0.2nF(𝐷𝑂2 )2/3 ʋ−1/6 𝐶𝑂2
Where n is the transferred electron number per O2 molecule. F is Faraday constant
(96485 C mol-1). DO2 is the diffusion coefficient of O2 in 0.1 M KOH (DO2=1.9 ×10-5
cm2 s-1). ʋ is the kinetic viscosity (ʋ = 0.01 cm2 s-1). CO2 is the bulk concentration of
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O2 (CO2 = 1.2 ×10-6 mol cm-3). The constant 0.2 is adopted when the rotation speed is
expressed in rpm.239
The electrochemical surface area (ECSA) was determined from the corresponding
electrochemical double-layer capacitance (Cdl) from the cyclic voltammograms (CVs).
The capacitive currents densities, Δj(ja-jc)/2 at 0.15 V vs. RHE, are plotted against the
scan rate (20, 40, 60, 80, 100 mV s-1). The slop is the double-layer capacitance Cdl.
The zinc-air batteries were assembled into coin-type cells. The catalyst was dropcasted on carbon paper with the mass loading of 0.3 mg cm-2, and the polished zinc
plates were used as the air cathode and the anode, respectively. Whatman glass
microfibre were used as separator, and carbon fibre served as the gas diffusion layer
(GDL) next to the separator to prevent the leakage of electrolyte. The electrolyte used
in the experiment was 6 M KOH and 0.2 M zinc acetate. And 1 mL electrolyte were
dropped into the zinc-air battery. Pure O2 was filled in for 15 min to saturate the reaction
chamber. The discharge and charge polarization and power density plots were obtained
using a galvanodynamic method, with the current density ranging from 0 to 400 mA. A
recurrent galvanic pulse method was used to test cycling performance with a fixed
current and fixed discharge/charge time on a Land CT 2001A battery testers.
The catalyst was drop-casted on 1*1 cm2 carbon paper with massloading of 0.3 mg
cm-2, which were used as the cathode and anode in a two-electrode setup. The overall
water splitting process was driven by constant potential of 1.5 V.
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6.2.4 Density functional theory (DFT) Calculations

The first principles calculations in the framework of density functional theory,
including structural and electronic performance, were carried out based on the
Cambridge Sequential Total Energy Package known as CASTEP. 142 The exchange–
correlation functional under the generalized gradient approximation (GGA)143 with
norm-conserving pseudopotentials and the Perdew–Burke–Ernzerhof functional was
adopted to describe the electron–electron interaction.144 An energy cutoff of 750 eV
was used and a k-point sampling set of 5 × 5 × 1 were tested for convergence. A
force tolerance of 0.01 eV Å -1, energy tolerance of 5.0x10-7eV per atom and maximum
displacement of 5.0 × 10-4 Å were considered. The surfaces of FeN4, Ru5N4, and
RuFe4N4 were built with the vacuum space along the z direction is set to be 15 Å,
which is enough to avoid interaction between the two neighboring images. All atoms
were relaxed, then the intermediates of H, OH, O, OOH groups have been absorbed on
the surface of substrates.
The adsorption energy ΔE of A group on the surface of substrates was defined as:
ΔE = E*A – (E*+ EA) (1)
where *A and * denote the adsorption of A group on substrates and the bare
substrates, EA denotes the energy of the A group.
Gibbs free energy change (ΔG) of each chemical reaction is calculated by:
ΔG = ΔE + ΔZPE - TΔS (2)
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where E, ZPE, T and S denote the calculated total energy, the zero point energy, the
temperature and the entropy, respectively. Here, T = 300K is considered.
The electrochemical model of OER/ORR developed by Nøreskov240-242 can be
divided into four one–electron reactions:
H2O + * → *OH + (H+ + e−) (S1)
*OH + (H+ + e−) → *O + 2(H+ + e−) (S2)
H2O + *O + 2(H+ + e−) → *OOH + 3(H+ + e−) (S3)
*OOH + 3(H+ + e−) → O2 + * + 4(H+ + e−) (S4)
The detailed Gibbs free energy changes of steps 1-4 can be calculated by:
∆G1= ∆G*OH – eU (S5)
∆G2 = ∆G*O –∆G*OH – eU (S6)
∆G3 = ∆G*OOH – ∆G*O – eU (S7)
∆G4 = 4.92eV – ∆G*OOH – eU (S8)
where the sum of ΔG1-4 is fixed to the negative of the experimental Gibbs free energy
exp

of formation of two water molecules (−2∆GH2O = 4.92 eV). The Gibbs free energy of
(H+ + e−) in solution is estimated as the half energy of H2 molecule at standard condition.
Since the ORR [O2 + 4(H+ + e−) → 2H2O] is the reverse of the OER, the Gibbs free
energies of ORR are related to OER intermediates by the reference of +4.92 eV,
ORR
i.e., ΔOER
(𝑖𝑛𝑡) + 4.92 eV.
G (𝑖𝑛𝑡) = ΔG
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The over–potential of OER is determined by following equations:
ηOER = UOER – 1.23 (S9)
UOER = Max(∆G*OH, ∆G*O –∆G*OH, ∆G*OOH – ∆G*O, 4.92 eV – ∆G*OOH)/e
(S10)
The ORR under acidic conditions follows the opposite processes from Eq.S5 to Eq.
S2. The over–potential of ORR is expressed as:
ηORR = 1.23 – UORR (S10)
UORR =–Max (∆G*OOH – 4.92 eV, ∆G*O –∆G*OOH, ∆G*OH – ∆G*O, −∆G*OH)/e (S11)

6.3 Results and Discussion

Figure 6-1. XRD patterns of NG, Ru-N@NG and RuFe-N@NG
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Figure 6-2. a-c) HAADF-STEM images of RuFe-N@NG; d) EDS elemental mappings of RuFe-N@NG
(scale bar: 2 nm); e-g) electron energy loss spectroscopy (EELS) spectra of RuFe-N@NG; h) proposed
schematic illustration of the structure of RuFe-N@NG.
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Figure 6-3. a) XPS survey spectra of NG, Ru-N@NG, and RuFe-N@NG. b) High-resolution XPS spectra
of C 1s in NG, Ru-N@NG, and RuFe-N@NG, respectively.
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Figure6-4. High-resolution XPS spectra of a) N 1s in NG, Ru-N@NG and RuFe-N@NG, and b) Ru 3p
in RuFe-N@NG and Ru-N@NG.

The RuFe-N@NG was prepared by template pyrolysis method. Briefly, the metal
salt precursor (FeCl2, FeCl3 and/or RuCl3) was mixed with glucose and dicyandiamide
(DCDA) and heated in Ar atmosphere at 550 °C to form layered graphitic carbon nitride
(g-C3N4), followed by heat-treatment in Ar atmosphere at 900 °C. After this second
carbonization process, the nitrogen atoms escaped from the g-C3N4 can insert
themselves into defect-rich carbon layers and anchor single metal atoms or atomic
cluster in-situ. Based on the XRD patterns of the samples as shown in Fig. 6-1, there
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are no obvious diffraction peaks that can be observed for NG and RuFe-N@NG, while
obvious crystalline diffraction peaks appear in the Ru-N@NG composite. It can be
concluded that Ru metal tends to form nanocrystals on the substrate with an ordered
crystal structure. Once Fe element is present, Ru and Fe will form an atomic cluster
structure without any obvious regular crystalline fringe. All the delicate morphology
and microstructure of the resulting samples were further investigated by SEM and TEM.
As shown in Fig. 6-2a-b, the RuFe-based clusters with the average size of 2 nm
homogenously dispersed on N-doped graphene. Furthermore, high angle annular darkfield scanning TEM (HAADF-STEM) images was further conducted to intuitively
observe the atomic dispersion of Ru and Fe (Fig. 6-2c). And the line-scanning profiles
and elemental mappings focused on the RuFe clusters confirm the presence of Ru and
Fe elements and reveal the distribution of Ru and Fe (Fig. 6-2d), where the Ru
concentrate in the middle of RuFe cluster and Fe mainly located in the edge of the RuFe
cluster. Moreover, the atomically electron energy loss spectroscopy (EELS) line
scanning was used to gain further insight into the chemical bonding information of
RuFe-N@NG electrocatalyst as shown in Fig.6-2e-g, where there are obvious peaks
attributed to N K (401 eV), Fe L3, and L2 (708 eV and 721 eV) and Ru M3, and M2
(461 eV and 483 eV), respectively. Based on all above EDS and EELS results, it is
concluded that the RuFe atomic cluster is composed of an Ru-based center and an Febased edge, with the clusters evenly dispersed on N-doped graphene-like 2D material.
X-ray photoelectron spectroscopy (XPS) analysis was conducted to gain more insights
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into the chemical states of elements for the as-prepared material. The survey spectra in
Fig. 6-3 reveal the presence of C, O, N, Ru and/or Fe in the catalysts. The highresolution N 1s spectra of the samples were investigated in detail (Fig. 6-4). The N 1s
region of N/C was generally deconvoluted into four peaks of pyrrolic (400.6 ±0.3 eV),
pyridinic or Fe-N (398.6 ± 0.3 eV), quaternary N (401.3 ± 0.3 eV), and oxidized N
(402-405 eV).216, 243-245 The binding state of Ru in Ru-N@NG and RuFe-N@NG was
investigated. For the Ru 3p spectrum, the peaks centered at ~ 483.0 eV and ~ 461.0 eV
were assigned to the Ru 3p1/2 and Ru 3p3/2,246 while the peak centered at 453.7 may be
owing to the Ru–N bond.245 Obviously, the binding energy for Ru 3p1/2 in RuFe-N@NG
shift to higher energy from ~ 483.0 eV to 483.8 eV due to the existence of Fe, indicating
that the electron transfer from Ru to Fe atom. Moreover, an additional peak at 476. 6
eV can be observed, which may be because the coordinated Fe has led to the electronic
modulation of Ru element. Taken together, all these results imply that there is electronic
interaction between the Ru and Fe in RuFe-N@NG, where existence of Fe not only
optimizes the geometric structure and generates a core-shell structure as indicated in
the STEM results, but also tailors the electron structure of Ru as shown in XPS spectra.
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a)

c)

b)

d)

e)

Figure 6-5. a) The Ru K-edge XANES spectrum (enlargement in the inset), b) FT-EXAFS curves of
different samples and references materials and c) Wavelet transforms for the k3-weighted Ru K-edge
EXAFS signals of RuFe-N@NG, Ru-N@NG, Ru Foil, Fe Foil and RuO2. d) and e) Experimental and
best-fitting Ru K-edge EXAFS curves of RuFe-N@NG.

To further investigate the coordination environment and determine the chemical
state of Ru-based electrocatalysts, the element-selective XAFS spectroscopy were
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performed as shown in Fig. 6-5. The hard X-ray absorption near-edge structure
(XANES) spectra for Ru-N@NG and RuFe-N@NG are shown in Fig. 6-5a in
comparison to a standard Ru foil and RuO2. It can be seen that the threshold energy (E0)
and the maximum energy (Epeak) of the Ru K-edge for both Ru-N@NG and RuFeN@NG are similar to those of Ru foil, thus confirming the metallic nature of the Ru
clusters on the Ru-based samples. The EXAFS Fourier transform and wavelet
transforms are shown in Fig. 6-5b and c. Comparing with the Ru-N@NG, which
displays one strong peak at ~2.39 Å, which can be ascribed to Ru-Ru coordination. It's
worth noting that, the Ru edge for RuFe-N@NG exhibits another weaker peak around
~1.96 Å besides the peak at ~2.39 Å, which may be attributed to the Ru-Fe coordination
at the shell. And there is no peak attributed to Fe-Fe bond. Wavelet transform (WT) of
Ru K-edge EXAFS analysis was carried out to further demonstrate the atomic
dispersion of Ru in RuFe-N@NG (Fig. 6-5c). The WT contour plots of the Ru-N@NG
and RuFe-N@NG only exhibit one intensity maximum at 9 Å−1 belonging to the RuRu (Fe) coordination, which is similar to the WT plots of Ru foil. In addition, no
intensity maximum belonging to the Ru–O contribution can be observed, in contrast
with the RuO2. The coordination environment was investigated by conducting the
EXAFS fitting as shown in Fig. 6-5d-e. The fitted coordination number (C.N.) of the
Ru atom with Fe is around 4.8 ±3.6 at a distance (R) of 2.56 ±0.11 Å (Table 6-1).
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Table 6-1. Ru K-edge EXAFS curve fitting parameters.
σ2×103

ΔE (eV)

R

Sample

Path

C.N.

R (Å)

Ru foil

Ru-Ru

12*

2.67±0.004

3.0±0.6

-6.3±1.0

0.010

RuO2a

Ru-O

6.2±1.5

1.96±0.02

2.9±2.6

-2.3±3.0

0.018

Ru-O

6.5±0.8

1.97±0.01

2.5±1.3

-2.1±1.6

Ru-Ru

8.6±3.9

3.14±0.02

7.4±3.9

-5.3±2.2

Ru-Ru

4.1±2.5

3.59±0.02

11.0±3.7

4.5±3.1

Ru-

Ru-O

1.5±0.6

1.96±0.03

5.3±4.1

-3.7±5.0

N@NG

Ru-Ru

5.6±0.8

2.67±0.01

3.4±0.8

-5.7±1.1

Ru-Fe

4.8±3.6

2.56±0.11

11.2±9.5

-12.1±13

Ru-Ru

5.4±2.5

2.65±0.01

3.5±1.8

-5.6±3.2

RuO2b

RuFeN@NG

2

(Å )

factor

0.012

0.009

0.016
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Figure 6-6. ORR evolution of RuFe-N@NG and analogues: a) CV curves of NG, Ru-N@NG, and RuFeN@NG in N2 and O2 saturated 0.1 M KOH medium, b) ORR polarization curves of NG, Ru-N@NG,
RuFe-N@NG, and commercial 20% PtC; c) Comparative OER polarization curves, and d) Corresponding
OER Tafel Plots. HER kinetics for RuFe-N@NG and analogues: e) Polarization curves of NG, Ru-N@NG,
RuFe-N@NG and commercial 20% PtC at a scan rate of 10 mV s-1 in 1.0 M KOH medium, and f)
corresponding Tafel plots derived from (e).
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Figure 6-7. ORR Polarization curves collected before and after the stability test for RuFe-N@NG.

Figure 6-8. HER durability test of RuFe-N@NG after 3000 cylces.

Figure 6-9. HER performance of RuFe-N@NG in 0.5 M H2SO4.
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Figure 6-10. Typical cyclic voltammetry curves of (a) NG, (b) Ru-N@NG and (c) RuFe-N@NG in 1M
KOH with different scan rates. (d) The current density differences (Δj/2) at 0.15 V vs. RHE plotted against
scan rates for the different samples.

The ORR catalytic activity of RuFe-N@NG was evaluated by the rotating risk
electrode (RDE) technique in 0.1 M KOH media. As shown in Fig. 6-6a, a distinct
oxygen reduction peak can be observed in cyclic voltammetry (CV) curve in O2saturated media, but no response in N2-saturated solution, indicating its intrinsic ORR
activity. To gain insight into the ORR process of RuFe-N@NG, the linear scan
voltammogram (LSV) were performed in comparison with NG, Ru-N@NG and 20 wt. %
Pt/C (Fig. 6-6b). Obviously, RuFe-N@NG exhibits a positive half-wave potential
(0.837 V vs. RHE), which even surpasses that of Pt/C (0.823 V). The ORR performance
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of RuFe-N@NG is improved and distinctly surpasses the ORR activity of Ru-N@NG
(half wave potential, E1/2=0.772 V). The durability of RuFe-N@NG catalyst was further
evaluated using potential cycling between 0.6 V and 1.1 V for 1000 cycles in O2saturated 0.1 M KOH at a scan rate of 100 mV s-1. After 1000 cycles, its polarization
curve showed only a 16 mV negative shift and a 1.9 % decrease in half-wave potential
(Fig. 6-7). The fastest kinetics of RuFe-N@NG towards the ORR may be attributed to
the synergistic effect from the presence of FeNxCy. The OER performance for RuFeN@NG was further investigated by the RDE technique in 1.0 M KOH. Noticeably,
RuFe-N@NG exhibited remarkably high OER activity, which only needed
overpotential (10) of 0.32 V to deliver a current density of 10 mA cm-2 with a Tafel
slope of 36.4 mV dec-1, outperforming the Ru-N@NG (10=0.36 V, 51.9 mV dec-1) and
NG (10=0.41 V, 66.8 mV dec-1) (Fig. 6-6c,d). It comes to a conclusion that once the
Fe was introduced and formed the RuFe-N coordination, which is catalytically more
active for OER than that of pure Ru-based cluster. Also, the HER activity of RuFeN@NG was investigated (Fig. 6-6e,f). The polarization curves of different catalysts
were recorded in 1.0 M KOH electrolyte. The Ru-N@NG afforded a current density of
10 mA cm-2 at the overpotential (10) of 47.00 mV, this superior HER activity is
consistent with previous results and is attributable to the large specific surface area of
NG and the uniform Ru cluster supported on NG assured sufficient activity site.
Impressively, RuFe-N@NG exhibited a smaller overpotential of 21.00 mV with a Tafel
plot of 40.66 mV dec-1, which is even better than that of the state-of-the-art Pt/C
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(10=34.70 mV, Tafel slope= 81.06 mV dec-1). In addition, the RuFe-N@NG also
maintained good electrocatalytic stability, with the polarization curve just showing a
negative shift of 3 mV after 3,000 CV cycles in N2-saturated 1.0 M KOH (Fig. 6-8).
Moreover, the RuFe-N@NG also exhibits good HER performance with 10=71.00 mV
in 0.5 M H2SO4 (Fig. 6-9). Based on the HER performance of NG (10=483.17mV,
Tafel slope= 516.09 mV dec-1) and Ru-N@NG (10=34.80 mV, Tafel slope=56.00 mV
dec-1) (Fig.6-6 e-f), we can conclude that the more favourable H* adsorption kinetics
on the RuFe-N sites. Furthermore, the electrochemical active surface areas (ECSAs)
were measured through the corresponding electrochemical double-layer capacitances
(Cdl) in a non-Faraday region in alkaline solution (Fig. 6-10). It can be clearly found
that RuFe-N@NG exhibits the largest Cdl value of 37.92 mF cm-2, while there is 6.26
mF cm-2 for NG and 21.33 mF cm-2 for Ru-N@NG, indicating a much higher
electrochemical surface area due to the structural advantage of RuFe clusters. To sum
up, the bimetallic core-shell RuFe cluster with the edge of FeNxCy collectively endows
the RuFe-N@NG with superior ORR activity. Specifically, the RuFe-N@NG also
exhibits fast kinetics for the OER and HER. The RuFe clusters supported on N-doped
graphene, which not only possess unique structural advantages with high surface area,
but also more importantly the RuFe-N coordination optimizes the electronic structure
of the active centre for binding with intermediates.[41]
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Figure 6-11. a) The overall LSV curves of NG, RuFe-N@NG and Pt/C in the full OER/ORR region in
O2-saturated 0.1M KOH. b) Charge and discharge polarization curves of two-electrode rechargeable Zn–
air batteries using NG, Ru-N@NG, RuFe-N@NG and PtC/IrO2 as air cathode respectively. Polarization
and power density curves. c) Photograph of a light emitting diode (LED) illuminated by four coin-type
ZABs in series. d) Cycling performance at a charge-discharge current density of 5 mA cm-2 for NG-based,
Ru-N@NG-based and RuFe-N@NG-based batteries, respectively (10 min for each cycle). e) Cycling
performance at a current density of 10 mA cm-2 for RuFe-N@NG-based and PtC/IrO2-based battery
respectively (10 min for each cycle). f) In-situ XRD patterns of a ZAB with RuFe-N@NG electrode during
discharging and charging. g) The chronoamperometric response recorded at a constant cell voltage of 1.5
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V, with inset illustration of water splitting process. h) Photograph of the overall water splitting powered by
the zinc-air battery using the RuFe-N@NG as the air cathode.

Figure 6-12. EIS plots of ZAB with different catalysts.

Figure 6-13. Open circuit voltage (OCV) plots of ZABs with different catalysts.
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Figure 6-14. Full discharging curves of zinc-air batteries using PtC/IrO2 and RuFe-N@NG as the air
cathodes, respectively.

Figure 6-15. Discharging polarization curves and the corresponding power densities.

Figure 6-16. Cycling performance after replacing the zinc plate and electrolyte.
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Figure 6-17. TEM images for RuFe@NG after 50 hours cycling testing without any
decomposition.
The overall LSV curves of the as-prepared catalysts in the OER/ORR region in O2saturated 0.1 M KOH are presented in Fig. 6-11a. Impressively, the RuFe-N@NG
possesses the smallest potential difference (ΔE) of 0.74 V between the ORR potential
at E1/2 and the OER potential at 10 mA cm-2 (ΔE = 0.85 V for PtC/IrO2, ΔE = 0.93 V
for NG), reconfirming the good ORR and OER activity of RuFe-N@NG. Encouraged
by the excellent ORR and OER performance of RuFe-N@NG, its application in
rechargeable zinc-air batteries (ZABs) was further explored by using the as-prepared
catalysts as the air cathode in coin-type cells. As can be seen in Fig. 6-11, the
electrochemical impedance spectra (EIS) reveal that the internal resistance of the
batteries containing different catalysts is close, indicating that the operating conditions
are similar. Moreover, the ZAB with the RuFe-N@NG catalyst exhibited the highest
open-circuit voltage of 1.46 V (Fig. 6-13). As shown in Fig. 6-14, the full discharge
curves of the zinc-air battery using RuFe-N@NG is compared with the one using
PtC/IrO2. Remarkably, the ZAB with RuFe-N@NG exhibits a higher discharge voltage
of about 1.32 V and remains for the longer time of 11.3 h at the discharging current of
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20 mA cm-2 compared with the ZAB with PtC/IrO2 (1.29 V, 7.8 h). In addition, both
extremely flat discharge curves indicate little ohmic polarization. The galvanodynamic
method was used to further evaluate the charge and discharge polarization (V–i) curves
of the rechargeable batteries (Fig. 6-11b). Obviously, the RuFe@NG exhibits good rate
capability within the shrunken voltage gap. Specifically, the charging potential of the
battery with RuFe@NG is comparable to the one with PtC/IrO2, and the discharging
curve with RuFe-N@NG is even superior to that with PtC/IrO2, because it achieves a
larger peak power density of 87.33 mW cm-2 (218.32 mW mg-1) than that with PtC/IrO2
(71.62 mW cm-2, 179.05 mW mg-1) (Fig. 6-15). As shown in Fig. 6-11c, four batteries
in series can light the LED screen. Furthermore, the rate capability and stability were
further investigated by galvanostatic cycling (Fig. 6-11d). The cycling performance
was tested with each cycle lasting 10 min at 5 mA cm-2, and the ZAB with RuFeN@NG exhibited a smaller voltage gap (ΔE = 0.70 V). The voltage range of RuFeN@NG is narrower than those of Ru-N@NG and NG, and this result reconfirms the
superior ORR and OER activity of RuFe-N@NG. There is also almost no obvious
increase in the voltage gap with increasing current density and time, which indicates
good rate capability and stability over 60 h. Furthermore, when the zinc plate and
electrolyte were replaced, the battery could be regenerated without performance
degradation (Fig. 6-16). Even when cycling at the current density of 10 mA cm -2, the
functional ZAB still exhibited a small voltage gap of 0.72 V and stable chargedischarge curves up to 50 h, which is comparable to the performance of PtC/IrO 2 and
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even more stable than for PtC/IrO2 (Fig. 6-11e). The in-situ XRD patterns of the ZABs
also reveal that peaks assigned to ZnO formed during the discharging process and
disappeared during the charging process (Fig. 6-11f). Inspired by the superior OER and
HER performance of RuFe-N@NG, proof-of-concept experiments were performed to
validate its potential application in water splitting. We constructed an alkaline
electrolyser using RuFe-N@NG as the cathode and anode in 1.0 M KOH and tested it
via the chronoamperometric method. As shown in Fig. 6-11g, the RuFe-N@NG
electrolyzer could achieve the current density of 35 mA cm-2 at 1.5 V and exhibited
long-term stability. In striking contrast, the electrolyser with Ru-N@NG just reached a
current density of about 20 mA cm-2. The capability for hydrogen conversion of RuFeN@NG compared with reported results is also shown in Fig.6-18. From the perspective
of Ru content, it is concluded that RuFe-N@NG exhibits the lowest overpotential at 10
mA cm-2 for the HER.

Figure 6-18. Comparison of the overpotential at 10 mA cm-2 of Ru-based catalysts in alkaline solution for
the HER.
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Figure 6-19. The optimized geometry of a) RuFe-N@NG. Free energy diagrams for b) the HER, c) the dband PDOS of Ru-centre in RuFe4N6 and Ru5N6. Free energy diagrams for d) the OER at 1.23 V, e) the
ORR at 0V and f) the ORR at 1.23 V. g) Proposed ORR mechanism on the RuFe4N6 site. The grey, blue,
cyan, green, white and red ball represents C, N, Fe, Ru, H and O, respectively.
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Figure 6-20. The optimized geometry of Ru-N@NG. The ball in grey, blue and green represents C, N, Ru,
respectively.

Figure 6-21. Gibbs free energy profiles of the ORR on different active sites of Ru-N@NG. The ball in
grey, blue, green, white and red represents C, N, Ru, H and O, respectively.

To understand the nature of the extraordinary HER, OER and ORR reactivity of
RuFe-N@NG and explore the real active sites, density functional theory (DFT)
calculations were further conducted. The optimized geometric structures of various
catalysts are depicted in Fig. 6-19a and Fig. 6-20, and the corresponding energy profiles
are summarized in Fig. 6-19. For comparison, both Ru-N@NG and RuFe-N@NG were
considered. In the case of the HER, the ΔGH* of RuFe4N4 catalytic site is about 0.25
eV. This is smaller than that of Ru5N4 site (0.39 eV), which is well match the
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experimental results that the HER activity of RuFe@NG is higher than that of Ru@NG.
And the intrinsic reasons for different active sites’ catalytic performance are elucidated
by the electronic structure as shown in Fig. 6-19c. The results show that the d band
centre of Ru in RuFe-N@NG is farther from the Fermi level than that of Ru-N@NG,
indicating that the antibonding states are filled with more electrons and further
facilitates the desorption of adsorbates. This result indicates that Fe around Ru in RuFeN@NG may draw electrons from Ru atoms, while the presence of Fe around Ru can
alleviate the strong adsorption of H* on the Ru active sites and achieve a balance of H*
adsorption and dissociation. This result is consistent with the XPS result that the Ru 3p
signal is chemically shifted to higher binding energy.
The calculated free energy diagrams for the OER on different active sites are shown
in Fig. 6-19d. The centre Ru atoms of Ru-N@NG and RuFe-N@NG were regarded as
the first active site, which are denoted as the Ru5N4-center and the RuFe4N4-center,
respectively. The strong adsorption of *OOH on centred the Ru atom, however, makes
the last step difficult happen. When the first active sites were occupied, the second
active sites were considered, and the Ru atom between the N atom and centred Ru in
Ru-N@NG was denoted as Ru5N4-edge, and the Fe atom between the N atom and
centred Ru was denoted as RuFe4N4-edge. The free energy diagrams of OER on second
active sites were compared. For Ru5N4-edge, the adsorption of *OH is found to be
limiting step, which even need higher overpotential of 1.24 eV compared to that of
RuN5-center. For the RuFe4N4-edge, however, the most sluggish step just needs the
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uphill free energy change of 0.38 eV. The RuFe4N4-edge shows a downhill trend for
all steps at 1.61 V. These results suggest that the OER process is more
thermodynamically favourable on RuFe-N@NG and that the exposed Fe-edge between
the N and Ru atoms are the truly active sites of OER on RuFe-N@NG. This is attributed
to fact that the highly electronegative N atom can draw electrons from Fe atoms and
subsequently weaken the binding force between the adsorbed intermediates and the
surface Fe atoms.
The ORR activity of RuFe@NG was further investigated by DFT calculation. For
both Ru-N@NG and RuFe-N@NG, two active sites on Ru-N@NG and RuFe@NG
were also considered (Fig. 6-19e-f). Fig. 6-19e displays the free energy diagrams for
the four electrons process of oxygen at Uelec=0.0 V on different sites of Ru-N@NG and
RuFe-N@NG. All the elementary steps are downhill and exothermic. When the
potential increase to 1.23 V, for first active sites of both catalysts, the first two steps are
downhill, but the last step of *OH desorption is endothermic and hence, there are low
activities (Fig. 6-19f). For second active site, in view of the free energy changes of the
limiting steps, it is obvious that the resistance to the ORR on the RuFe4N4-edge is
smaller than that of Ru5N4-edge (0.54 vs. 0.86 eV). The Fe-edge is also the real active
sites for the ORR process. The proposed ORR mechanism on the RuFe4N6 and Ru5N6
sites is illustrated in Fig. 6-19g and Fig. 6-21, respectively.
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6.4 Conclusion
In conclusion, numerous RuFe core-shell clusters, composed of an Ru-centre and an
Fe-edge were successfully constructed and integrated into N-doped graphene as a
multifunctional electrocatalyst, structure of which was systematically investigated and
accurately identified by STEM and XAS method. In the system, the Ru site coordinated
with FeNxCy was exquisitely manipulated with exquisite sensitivity by synergistically
modulating the atomic and electronic structure of Ru, which addresses the trifunctional
activity of the currently reported Ru-based electrocatalyst. Due to its excellent oxygen
conversion catalytic activity and hydrogen evolution reaction capability, the RuFeN@NG-based zinc-air battery can achieve a small voltage gap of 0.72 V even at the
high current density 10 mA cm-2. Meanwhile, the RuFe-N@NG-based electrolyser
could exhibit a current density of 35 mA cm-2 at 1.5 V. Furthermore, the DFT
calculations reveal that the Ru-centre is responsible for HER, and the Fe-edge is the
real active sites for the ORR and OER. This work not only achieves highly atomic
efficiency and an effective synergetic effect, but also provides an in-depth analysis of
the atomic and electronic modulation of Ru-based catalyst induced by the FeNxCy,
which can provide valuable information for related work.
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7.1 General Conclusions
The recent decade has witnessed a blossoming interest in developing advanced
atomic-level electrocatalysts specifically for energy conversion. In this doctoral work,
the underlying mechanisms behind the different reactions were first reviewed, and then
the recent advanced developments on atomic-level electrocatalysts were summarized.
To rationally design atomic-level catalysts for specific reactions and give an in-depth
understanding of catalytic processes, X-ray absorption spectroscopy (XAS) and density
functional theory (DFT) are two core study techniques needed to explore the real active
sites. Based on the different reaction systems with different electrocatalysts, three
general conclusions can be obtained:
For the Nitrogen reduction reaction (NRR) system, dual-metal MoFe dimers were
successfully dispersed on a nitrogen-doped carbon layer via a two-step method. The
FeMo dimer was clearly observed in STEM images, and the chemical states were
characterized by XAS. The configuration of the FeMo dimer bond with N was
determined to be FeMoN6 based on the formation energy from DFT calculations.
Benefitting from its unique electronic and geometric structure, FeMoN6 can effectively
accelerate the nitrogen reduction reaction and circumvent the competing hydrogen
evolution reaction (HER) in comparison to single atom FeNC and MoNC. Moreover,
the NRR mechanism over FeMoN6 catalyst was revealed by the DFT calculations,
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which can weaken the N≡N bond and follow the distal pathway without production of
the by-product N2H4.
In the second research progran, Pt doped MoS2 (denoted as Pt@MoS2) was
developed as an advanced HER catalyst via a cycling-potential method, which not only
introduces Mo vacancies and Pt atoms into the MoS2 host, bus also achieves the 2H to
1T phase conversion of MoS2. Surprisingly, thanks to the optimized geometric and
electronic structure of Pt@MoS2, the as-fabricated electrocatalyst can achieve a twothirds decrease in η10 in comparison to the pristine MoS2.The geometric position and
coordination environment of Pt in the MoS2 plane has been systematically investigated
and accurately identified by XAS and DFT calculations. The DFT calculations further
reveal the real active site for enhanced HER performance. When a Pt atom is doped
into an Mo vacancy in thr 1T-MoS2system, the S adjacent to Pt acts as the optimal
active site with the ΔGH* of -0.04 eV.
In the third research program, for achieving a trifunctional electrocatalyst, Fe and
Ru elements were integrated into one system. Numerous RuFe core-shell clusters,
composing of Ru-centres and Fe-edges were successfully constructed for the HER,
oxygen evolution reaction (OER), and oxygen reduction reaction (ORR). STEM
together with X-ray absorption fine structure (XAFS) investigations revealed the
geometric structure and electronic structure of RuFe-N@NG at the atomic-level, which
is composed of Ru-centres and Fe-edges on N-doped graphene. Owing to the optimized
d-band centre of Ru and the synergistic effect of FeNxCy, the resulting RuFe-N@NG
exhibits superior trifunctional activity, including excellent HER,OER, and ORR
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performance, which ar exceeds that of the-state-of-the-art bifunctional electrocatalyst
PtC. Furthermore, density functional theory (DFT) calculations revealed that the Rucentres serve as the intrinsic HER active sites, while the Fe-edges serve as the real ORR
and OER active sites. This Ru-Fe core shell structure not only opens up a new avenue
for future material design, but also gives new insight for exploring the real active sites
for highly efficient multifunctional electrocatalysts.

7.2 Outlook
Atomic-level metal electrocatalysts have demonstrated excellent catalytic
performance and aroused great enthusiasm. Revealing the real active sites is significant
for understanding the reaction mechanism and designing efficient electrocatalysts, but
is still a great challenge due to the flexible structures (from single atom to dimer to
cluster and nanoparticles). For future research, there remains substantial room for
improvement:
Building up a systematic framework to govern the design principles is crucial for the
further development of electrocatalysis, which not only helps us to better understand
the reaction mechanism to design more effective catalysts, but also avoids the trial and
error method at the cost of human resources and time.
For preparing atomic-level catalysts, more efficient, fast, and economical methods
should be explored to replace energy-intensive methods, such as thermodynamically
spontaneous reaction, cold H2 plasma reduction, atomic layer deposition (ALD), etc.
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Moreover, it should be pointed out that, during the reaction process, the evolution of
the atomic structure may greatly influence the reaction process and mask the real active
sites. Thus, in future research work, more advanced characterization technology should
be applied to investigate the dynamic processes of metal site sand explore the real active
sites, such as in-situ Raman spectroscopy, in-situ XAS, in-situ Fourier transform
infrared spectroscopy (FT-IR), etc.
d-band centre theory combined with the molecular hybridization theory is normally
used to explain reaction mechanisms from a chemical perspective. In the future,
however, from a physical perspective, the magnetic characteristics and features of the
electric fields of metal centres should be taken into account, as the gas molecular may
be attracted by the magnetic field and the mass transfer is thus improved, which leads
to a high response current.
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screening of rutile oxides for electrochemical ammonia formation. ACS Sustainable Chemistry
& Engineering 2017, 5 (11), 10327-10333.
60. Zhao, J.; Chen, Z., Single Mo atom supported on defective boron nitride monolayer as an
efficient electrocatalyst for nitrogen fixation: a computational study. Journal of the American
Chemical Society 2017, 139 (36), 12480-12487.
61. Wang, Z.; Yu, Z.; Zhao, J., Computational screening of a single transition metal atom
supported on the C 2 N monolayer for electrochemical ammonia synthesis. Physical Chemistry
Chemical Physics 2018, 20 (18), 12835-12844.
150

References

62. Qiu, Y.; Peng, X.; Lü, F.; Mi, Y.; Zhuo, L.; Ren, J.; Liu, X.; Luo, J., Single‐Atom Catalysts
for the Electrocatalytic Reduction of Nitrogen to Ammonia under Ambient Conditions.
Chemistry–An Asian Journal 2019, 14 (16), 2770-2779.
63. Yan, X.; Liu, D.; Cao, H.; Hou, F.; Liang, J.; Dou, S. X., Nitrogen Reduction to Ammonia
on Atomic‐Scale Active Sites under Mild Conditions. Small Methods 2019, 3 (9), 1800501.
64. Qin, Q.; Heil, T.; Antonietti, M.; Oschatz, M., Single‐Site Gold Catalysts on Hierarchical
N‐Doped Porous Noble Carbon for Enhanced Electrochemical Reduction of Nitrogen. Small
Methods 2018, 2 (12), 1800202.
65. Guo, X.; Gu, J.; Lin, S.; Zhang, S.; Chen, Z.; Huang, S., Tackling the Activity and Selectivity
Challenges of Electrocatalysts towards Nitrogen Reduction Reaction via Atomically Dispersed
Bi-Atom Catalysts. Journal of the American Chemical Society 2020.
66. Zhang, X.; Chen, A.; Zhang, Z.; Zhou, Z., Double-atom catalysts: transition metal dimeranchored C 2 N monolayers as N 2 fixation electrocatalysts. Journal of Materials Chemistry A
2018, 6 (38), 18599-18604.
67. Wang, M.; Liu, S.; Qian, T.; Liu, J.; Zhou, J.; Ji, H.; Xiong, J.; Zhong, J.; Yan, C., Over
56.55% Faradaic efficiency of ambient ammonia synthesis enabled by positively shifting the
reaction potential. Nature communications 2019, 10 (1), 1-8.
68. Shi, M. M.; Bao, D.; Li, S. J.; Wulan, B. R.; Yan, J. M.; Jiang, Q., Anchoring PdCu
amorphous nanocluster on graphene for electrochemical reduction of N2 to NH3 under ambient
conditions in aqueous solution. Advanced Energy Materials 2018, 8 (21), 1800124.
69. Han, L.; Liu, X.; Chen, J.; Lin, R.; Liu, H.; Lü, F.; Bak, S.; Liang, Z.; Zhao, S.; Stavitski, E.,
Atomically dispersed molybdenum catalysts for efficient ambient nitrogen fixation. Angewandte
Chemie 2019, 131 (8), 2343-2347.
70. Lü, F.; Zhao, S.; Guo, R.; He, J.; Peng, X.; Bao, H.; Fu, J.; Han, L.; Qi, G.; Luo, J., Nitrogencoordinated single Fe sites for efficient electrocatalytic N2 fixation in neutral media. Nano
Energy 2019, 61, 420-427.
71. Sun, Y.; Alimohammadi, F.; Zhang, D.; Guo, G., Enabling colloidal synthesis of edgeoriented MoS2 with expanded interlayer spacing for enhanced HER catalysis. Nano letters
2017, 17 (3), 1963-1969.
72. An, Y.; Fan, X.; Liu, H.; Luo, Z., Improved catalytic performance of monolayer nanotriangles WS2 and MoS2 on HER by 3d metals doping. Computational Materials Science 2019,
159, 333-340.
73. Zhou, M.; Bao, S.; Bard, A. J., Probing Size and Substrate Effects on the Hydrogen
Evolution Reaction by Single Isolated Pt Atoms, Atomic Clusters, and Nanoparticles. Journal
of the American Chemical Society 2019, 141 (18), 7327-7332.
74. Zhang, B.-W.; Lai, W.-H.; Sheng, T.; Qu, X.-M.; Wang, Y.-X.; Ren, L.; Zhang, L.; Du, Y.;
Jiang, Y.-X.; Sun, S.-G., Ordered platinum–bismuth intermetallic clusters with Pt-skin for a
highly efficient electrochemical ethanol oxidation reaction. Journal of materials chemistry A
2019, 7 (10), 5214-5220.
75. Greeley, J.; Jaramillo, T. F.; Bonde, J.; Chorkendorff, I.; Nørskov, J. K., Computational
high-throughput screening of electrocatalytic materials for hydrogen evolution. Nature materials
2006, 5 (11), 909-913.

151

References

76. Deng, J.; Li, H.; Xiao, J.; Tu, Y.; Deng, D.; Yang, H.; Tian, H.; Li, J.; Ren, P.; Bao, X.,
Triggering the electrocatalytic hydrogen evolution activity of the inert two-dimensional MoS 2
surface via single-atom metal doping. Energy & Environmental Science 2015, 8 (5), 1594-1601.
77. Cao, L.; Luo, Q.; Liu, W.; Lin, Y.; Liu, X.; Cao, Y.; Zhang, W.; Wu, Y.; Yang, J.; Yao, T.,
Identification of single-atom active sites in carbon-based cobalt catalysts during electrocatalytic
hydrogen evolution. Nature Catalysis 2019, 2 (2), 134-141.
78. Cao, S.; Li, H.; Tong, T.; Chen, H. C.; Yu, A.; Yu, J.; Chen, H. M., Single ‐ Atom
Engineering of Directional Charge Transfer Channels and Active Sites for Photocatalytic
Hydrogen Evolution. Advanced Functional Materials 2018, 28 (32), 1802169.
79. Xue, Y.; Huang, B.; Yi, Y.; Guo, Y.; Zuo, Z.; Li, Y.; Jia, Z.; Liu, H.; Li, Y., Anchoring zero
valence single atoms of nickel and iron on graphdiyne for hydrogen evolution. Nature
communications 2018, 9 (1), 1-10.
80. Liu, X.; Jiao, Y.; Zheng, Y.; Davey, K.; Qiao, S.-Z., Computational Study on Pt, Ru Dimer
Supported on Graphene for Hydrogen Evolution Reaction: New Insight into the Alkaline
Mechanism. J. Mater. Chem. A 2019, 7, 3648-3654.
81. Yang, S.; Kim, J.; Tak, Y. J.; Soon, A.; Lee, H., Single ‐ atom catalyst of platinum
supported on titanium nitride for selective electrochemical reactions. Angewandte Chemie
International Edition 2016, 55 (6), 2058-2062.
82. Zhang, R.-Q.; Lee, T.-H.; Yu, B.-D.; Stampfl, C.; Soon, A., The role of titanium nitride
supports for single-atom platinum-based catalysts in fuel cell technology. Physical Chemistry
Chemical Physics 2012, 14 (48), 16552-16557.
83. Bai, X.; Ling, C.; Shi, L.; Ouyang, Y.; Li, Q.; Wang, J., Insight into the catalytic activity of
MXenes for hydrogen evolution reaction. Science Bulletin 2018, 63 (21), 1397-1403.
84. Gao, G.; O’Mullane, A. P.; Du, A., 2D MXenes: a new family of promising catalysts for the
hydrogen evolution reaction. Acs Catalysis 2017, 7 (1), 494-500.
85. Li, P.; Zhu, J.; Handoko, A. D.; Zhang, R.; Wang, H.; Legut, D.; Wen, X.; Fu, Z.; Seh, Z.
W.; Zhang, Q., High-throughput theoretical optimization of the hydrogen evolution reaction on
MXenes by transition metal modification. Journal of Materials Chemistry A 2018, 6 (10), 42714278.
86. Pandey, M.; Thygesen, K. S., Two-dimensional MXenes as catalysts for electrochemical
hydrogen evolution: A computational screening study. The Journal of Physical Chemistry C
2017, 121 (25), 13593-13598.
87. Ling, C.; Shi, L.; Ouyang, Y.; Wang, J., Searching for highly active catalysts for hydrogen
evolution reaction based on O-terminated MXenes through a simple descriptor. Chemistry of
materials 2016, 28 (24), 9026-9032.
88. Dai, L.; Xue, Y.; Qu, L.; Choi, H.-J.; Baek, J.-B., Metal-free catalysts for oxygen reduction
reaction. Chemical reviews 2015, 115 (11), 4823-4892.
89. Yu, L.; Pan, X.; Cao, X.; Hu, P.; Bao, X., Oxygen reduction reaction mechanism on
nitrogen-doped graphene: A density functional theory study. Journal of Catalysis 2011, 282 (1),
183-190.
90. Song, C.; Zhang, J., Electrocatalytic oxygen reduction reaction. In PEM fuel cell
electrocatalysts and catalyst layers, Springer: 2008; pp 89-134.
91. Xu, Y.; Ruban, A. V.; Mavrikakis, M., Adsorption and dissociation of O2 on Pt− Co and Pt−
Fe alloys. Journal of the American Chemical Society 2004, 126 (14), 4717-4725.
152

References

92. Kitchin, J.; Nørskov, J. K.; Barteau, M.; Chen, J., Modification of the surface electronic and
chemical properties of Pt (111) by subsurface 3d transition metals. The Journal of chemical
physics 2004, 120 (21), 10240-10246.
93. Liu, J.; Jiao, M.; Lu, L.; Barkholtz, H. M.; Li, Y.; Wang, Y.; Jiang, L.; Wu, Z.; Liu, D.-j.;
Zhuang, L., High performance platinum single atom electrocatalyst for oxygen reduction
reaction. Nature communications 2017, 8 (1), 1-10.
94. Yang, L.; Cheng, D.; Xu, H.; Zeng, X.; Wan, X.; Shui, J.; Xiang, Z.; Cao, D., Unveiling the
high-activity origin of single-atom iron catalysts for oxygen reduction reaction. Proceedings of
the National Academy of Sciences 2018, 115 (26), 6626-6631.
95. Song, P.; Luo, M.; Liu, X.; Xing, W.; Xu, W.; Jiang, Z.; Gu, L., Zn single atom catalyst for
highly efficient oxygen reduction reaction. Advanced Functional Materials 2017, 27 (28),
1700802.
96. Xiao, M.; Zhang, H.; Chen, Y.; Zhu, J.; Gao, L.; Jin, Z.; Ge, J.; Jiang, Z.; Chen, S.; Liu, C.,
Identification of binuclear Co2N5 active sites for oxygen reduction reaction with more than one
magnitude higher activity than single atom CoN4 site. Nano energy 2018, 46, 396-403.
97. Xiao, M.; Zhu, J.; Li, G.; Li, N.; Li, S.; Cano, Z. P.; Ma, L.; Cui, P.; Xu, P.; Jiang, G., A
Single‐Atom Iridium Heterogeneous Catalyst in Oxygen Reduction Reaction. Angewandte
Chemie 2019, 131 (28), 9742-9747.
98. Zhou, M.; Wang, H.-L.; Guo, S., Towards high-efficiency nanoelectrocatalysts for oxygen
reduction through engineering advanced carbon nanomaterials. Chemical Society Reviews
2016, 45 (5), 1273-1307.
99. You, B.; Jiang, N.; Sheng, M.; Drisdell, W. S.; Yano, J.; Sun, Y., Bimetal–organic
framework self-adjusted synthesis of support-free nonprecious electrocatalysts for efficient
oxygen reduction. ACS Catalysis 2015, 5 (12), 7068-7076.
100. Tao, H.; Gao, Y.; Talreja, N.; Guo, F.; Texter, J.; Yan, C.; Sun, Z., Two-dimensional
nanosheets for electrocatalysis in energy generation and conversion. Journal of Materials
Chemistry A 2017, 5 (16), 7257-7284.
101. Zhang, J.; Liu, J.; Xi, L.; Yu, Y.; Chen, N.; Sun, S.; Wang, W.; Lange, K. M.; Zhang, B.,
Single-atom Au/NiFe layered double hydroxide electrocatalyst: probing the origin of activity for
oxygen evolution reaction. Journal of the American Chemical Society 2018, 140 (11), 38763879.
102. Li, X.; Cui, P.; Zhong, W.; Li, J.; Wang, X.; Wang, Z.; Jiang, J., Graphitic carbon nitride
supported

single-atom

catalysts for

efficient

oxygen

evolution

reaction.

Chemical

Communications 2016, 52 (90), 13233-13236.
103. Tao, L.; Lin, C.-Y.; Dou, S.; Feng, S.; Chen, D.; Liu, D.; Huo, J.; Xia, Z.; Wang, S., Creating
coordinatively unsaturated metal sites in metal-organic-frameworks as efficient electrocatalysts
for the oxygen evolution reaction: Insights into the active centers. Nano Energy 2017, 41, 417425.
104. Zhang, L.; Jia, Y.; Gao, G.; Yan, X.; Chen, N.; Chen, J.; Soo, M. T.; Wood, B.; Yang, D.;
Du, A., Graphene defects trap atomic Ni species for hydrogen and oxygen evolution reactions.
Chem 2018, 4 (2), 285-297.
105. Wang, J.; Liu, W.; Luo, G.; Li, Z.; Zhao, C.; Zhang, H.; Zhu, M.; Xu, Q.; Wang, X.; Zhao,
C., Synergistic effect of well-defined dual sites boosting the oxygen reduction reaction. Energy
& Environmental Science 2018, 11 (12), 3375-3379.
153

References

106. Reier, T.; Oezaslan, M.; Strasser, P., Electrocatalytic oxygen evolution reaction (OER) on
Ru, Ir, and Pt catalysts: a comparative study of nanoparticles and bulk materials. Acs Catalysis
2012, 2 (8), 1765-1772.
107. Forgie, R.; Bugosh, G.; Neyerlin, K.; Liu, Z.; Strasser, P., Bimetallic Ru electrocatalysts for
the OER and electrolytic water splitting in acidic media. Electrochemical and Solid State Letters
2010, 13 (4), B36.
108. Yeo, B. S., Oxygen evolution by stabilized single Ru atoms. Nature Catalysis 2019, 2 (4),
284-285.
109. Lee, S. W.; Baik, C.; Kim, T.-Y.; Pak, C., Three-dimensional mesoporous Ir–Ru binary
oxides with improved activity and stability for water electrolysis. Catalysis Today 2019.
110. Li, P.; Wang, M.; Duan, X.; Zheng, L.; Cheng, X.; Zhang, Y.; Kuang, Y.; Li, Y.; Ma, Q.;
Feng, Z., Boosting oxygen evolution of single-atomic ruthenium through electronic coupling with
cobalt-iron layered double hydroxides. Nature communications 2019, 10 (1), 1-11.
111. Luo, Z.; Ouyang, Y.; Zhang, H.; Xiao, M.; Ge, J.; Jiang, Z.; Wang, J.; Tang, D.; Cao, X.;
Liu, C., Chemically activating MoS 2 via spontaneous atomic palladium interfacial doping
towards efficient hydrogen evolution. Nature communications 2018, 9 (1), 1-8.
112. Wang, S.; Ichihara, F.; Pang, H.; Chen, H.; Ye, J., Nitrogen fixation reaction derived from
nanostructured catalytic materials. Advanced Functional Materials 2018, 28 (50), 1803309.
113. Schlögl, R., Catalytic Synthesis of Ammonia—A “Never‐Ending Story”? Angewandte
Chemie International Edition 2003, 42 (18), 2004-2008.
114. Kitano, M.; Inoue, Y.; Yamazaki, Y.; Hayashi, F.; Kanbara, S.; Matsuishi, S.; Yokoyama,
T.; Kim, S.-W.; Hara, M.; Hosono, H., Ammonia synthesis using a stable electride as an electron
donor and reversible hydrogen store. Nature chemistry 2012, 4 (11), 934.
115. Kitano, M.; Kanbara, S.; Inoue, Y.; Kuganathan, N.; Sushko, P. V.; Yokoyama, T.; Hara,
M.; Hosono, H., Electride support boosts nitrogen dissociation over ruthenium catalyst and
shifts the bottleneck in ammonia synthesis. Nature communications 2015, 6 (1), 1-9.
116. Licht, S.; Cui, B.; Wang, B.; Li, F.-F.; Lau, J.; Liu, S., Ammonia synthesis by N2 and steam
electrolysis in molten hydroxide suspensions of nanoscale Fe2O3. Science 2014, 345 (6197),
637-640.
117. Arashiba, K.; Miyake, Y.; Nishibayashi, Y., A molybdenum complex bearing PNP-type
pincer ligands leads to the catalytic reduction of dinitrogen into ammonia. Nature chemistry
2011, 3 (2), 120.
118. Patil, B.; Wang, Q.; Hessel, V.; Lang, J., Plasma N2-fixation: 1900–2014. Catalysis today
2015, 256, 49-66.
119. Hong, J.; Prawer, S.; Murphy, A. B., Plasma catalysis as an alternative route for ammonia
production: status, mechanisms, and prospects for progress. ACS Sustainable Chemistry &
Engineering 2018, 6 (1), 15-31.
120. Chen, X.; Zhou, X.; Hu, M.; Liang, J.; Wu, D.; Wei, J.; Zhou, Z., Stable layered P3/P2 Na
0.66 Co 0.5 Mn 0.5 O 2 cathode materials for sodium-ion batteries. Journal of Materials
Chemistry A 2015, 3 (41), 20708-20714.
121. Banerjee, A.; Yuhas, B. D.; Margulies, E. A.; Zhang, Y.; Shim, Y.; Wasielewski, M. R.;
Kanatzidis, M. G., Photochemical nitrogen conversion to ammonia in ambient conditions with
FeMoS-chalcogels. Journal of the American Chemical Society 2015, 137 (5), 2030-2034.
154

References

122. Wang, H.; Wang, L.; Wang, Q.; Ye, S.; Sun, W.; Shao, Y.; Jiang, Z.; Qiao, Q.; Zhu, Y.;
Song, P., Ambient electrosynthesis of ammonia: electrode porosity and composition
engineering. Angewandte Chemie International Edition 2018, 57 (38), 12360-12364.
123. Chen, S.; Perathoner, S.; Ampelli, C.; Mebrahtu, C.; Su, D.; Centi, G., Electrocatalytic
Synthesis of Ammonia at Room Temperature and Atmospheric Pressure from Water and
Nitrogen on a Carbon‐Nanotube‐Based Electrocatalyst. Angewandte Chemie International
Edition 2017, 56 (10), 2699-2703.
124. Lv, C.; Yan, C.; Chen, G.; Ding, Y.; Sun, J.; Zhou, Y.; Yu, G., An Amorphous Noble‐
Metal ‐ Free Electrocatalyst that Enables Nitrogen Fixation under Ambient Conditions.
Angewandte Chemie International Edition 2018, 57 (21), 6073-6076.
125. Yao, Y.; Wang, H.; Yuan, X.-z.; Li, H.; Shao, M., Electrochemical nitrogen reduction
reaction on ruthenium. ACS Energy Letters 2019, 4 (6), 1336-1341.
126. Sun, K.; Moreno-Hernandez, I. A.; Schmidt, W. C.; Zhou, X.; Crompton, J. C.; Liu, R.;
Saadi, F. H.; Chen, Y.; Papadantonakis, K. M.; Lewis, N. S., A comparison of the chemical,
optical and electrocatalytic properties of water-oxidation catalysts for use in integrated solarfuel generators. Energy & Environmental Science 2017, 10 (4), 987-1002.
127. Licht, S., Efficient Solar‐Driven Synthesis, Carbon Capture, and Desalinization, STEP:
Solar Thermal Electrochemical Production of Fuels, Metals, Bleach. Advanced materials 2011,
23 (47), 5592-5612.
128. Yu, H.; Shang, L.; Bian, T.; Shi, R.; Waterhouse, G. I.; Zhao, Y.; Zhou, C.; Wu, L. Z.; Tung,
C. H.; Zhang, T., Nitrogen‐doped porous carbon nanosheets templated from g‐C3N4 as
metal‐free electrocatalysts for efficient oxygen reduction reaction. Advanced Materials 2016,
28 (25), 5080-5086.
129. Zhong, H. x.; Wang, J.; Zhang, Y. w.; Xu, W. l.; Xing, W.; Xu, D.; Zhang, Y. f.; Zhang, X.
b., ZIF‐8 derived graphene‐based nitrogen‐doped porous carbon sheets as highly efficient
and durable oxygen reduction electrocatalysts. Angewandte Chemie International Edition 2014,
53 (51), 14235-14239.
130. Deng, J.; Luo, W. B.; Chou, S. L.; Liu, H. K.; Dou, S. X., Sodium‐Ion Batteries: From
Academic Research to Practical Commercialization. Advanced Energy Materials 2018, 8 (4),
1701428.
131. Liu, Y.; Su, Y.; Quan, X.; Fan, X.; Chen, S.; Yu, H.; Zhao, H.; Zhang, Y.; Zhao, J., Facile
ammonia synthesis from electrocatalytic N2 reduction under ambient conditions on N-doped
porous carbon. ACS Catalysis 2018, 8 (2), 1186-1191.
132. Yu, X.; Han, P.; Wei, Z.; Huang, L.; Gu, Z.; Peng, S.; Ma, J.; Zheng, G., Boron-doped
graphene for electrocatalytic N2 reduction. Joule 2018, 2 (8), 1610-1622.
133. Li, S. J.; Bao, D.; Shi, M. M.; Wulan, B. R.; Yan, J. M.; Jiang, Q., Amorphizing of Au
nanoparticles by CeOx–RGO hybrid support towards highly efficient electrocatalyst for N2
reduction under ambient conditions. Advanced materials 2017, 29 (33), 1700001.
134. Kordali, V.; Kyriacou, G.; Lambrou, C., Electrochemical synthesis of ammonia at
atmospheric pressure and low temperature in a solid polymer electrolyte cell. Chemical
Communications 2000, (17), 1673-1674.
135. Lan, R.; Tao, S., Electrochemical synthesis of ammonia directly from air and water using
a Li+/H+/NH 4+ mixed conducting electrolyte. RSC advances 2013, 3 (39), 18016-18021.
155

References

136. Furuya, N.; Yoshiba, H., Electroreduction of nitrogen to ammonia on gas-diffusion
electrodes modified by Fe-phthalocyanine. Journal of electroanalytical chemistry and interfacial
electrochemistry 1989, 263 (1), 171-174.
137. Nazemi, M.; Panikkanvalappil, S. R.; El-Sayed, M. A., Enhancing the rate of
electrochemical nitrogen reduction reaction for ammonia synthesis under ambient conditions
using hollow gold nanocages. Nano Energy 2018, 49, 316-323.
138. Lee, H. K.; Koh, C. S. L.; Lee, Y. H.; Liu, C.; Phang, I. Y.; Han, X.; Tsung, C.-K.; Ling, X.
Y., Favoring the unfavored: Selective electrochemical nitrogen fixation using a reticular
chemistry approach. Science advances 2018, 4 (3), eaar3208.
139. Qiao, B.; Wang, A.; Yang, X.; Allard, L. F.; Jiang, Z.; Cui, Y.; Liu, J.; Li, J.; Zhang, T.,
Single-atom catalysis of CO oxidation using Pt 1/FeO x. Nature chemistry 2011, 3 (8), 634.
140. Kugler, K.; Luhn, M.; Schramm, J. A.; Rahimi, K.; Wessling, M., Galvanic deposition of Rh
and Ru on randomly structured Ti felts for the electrochemical NH 3 synthesis. Physical
Chemistry Chemical Physics 2015, 17 (5), 3768-3782.
141. Jiao, L.; Wan, G.; Zhang, R.; Zhou, H.; Yu, S. H.; Jiang, H. L., From Metal–Organic
Frameworks to Single‐Atom Fe Implanted N‐doped Porous Carbons: Efficient Oxygen
Reduction in Both Alkaline and Acidic Media. Angewandte Chemie International Edition 2018,
57 (28), 8525-8529.
142. Segall, M.; Lindan, P. J.; Probert, M. a.; Pickard, C. J.; Hasnip, P. J.; Clark, S.; Payne, M.,
First-principles simulation: ideas, illustrations and the CASTEP code. Journal of Physics:
Condensed Matter 2002, 14 (11), 2717.
143. Perdew, J. P.; Burke, K.; Ernzerhof, M., Generalized gradient approximation made simple.
Physical review letters 1996, 77 (18), 3865.
144. Hamann, D.; Schlüter, M.; Chiang, C., Norm-conserving pseudopotentials. Physical
Review Letters 1979, 43 (20), 1494.
145. Bajdich, M.; García-Mota, M.; Vojvodic, A.; Nørskov, J. K.; Bell, A. T., Theoretical
investigation of the activity of cobalt oxides for the electrochemical oxidation of water. Journal
of the American chemical Society 2013, 135 (36), 13521-13530.
146. Wang, S.; Zhang, L.; Xia, Z.; Roy, A.; Chang, D. W.; Baek, J. B.; Dai, L., BCN graphene
as efficient metal‐free electrocatalyst for the oxygen reduction reaction. Angewandte Chemie
International Edition 2012, 51 (17), 4209-4212.
147. Zhan, Y.; Xie, F.; Zhang, H.; Lin, Z.; Huang, J.; Zhang, W.; Sun, X.; Meng, H.; Zhang, Y.;
Chen, J., Metallic Ni Promoted Mo2C-MoN Particles Supported on N-Doped Graphitic Carbon
as Bifunctional Catalyst for Oxygen and Hydrogen Evolution Reaction in Alkaline Media.
Journal of The Electrochemical Society 2018, 165 (2), F75-F81.
148. Gao, T.; Jin, Z.; Zhang, Y.; Tan, G.; Yuan, H.; Xiao, D., Coupling cobalt-iron bimetallic
nitrides and N-doped multi-walled carbon nanotubes as high-performance bifunctional catalysts
for oxygen evolution and reduction reaction. Electrochimica Acta 2017, 258, 51-60.
149. Naz, H.; Ali, R. N.; Zhu, X.; Xiang, B., Effect of Mo and Ti doping concentration on the
structural and optical properties of ZnS nanoparticles. Physica E: Low-dimensional Systems
and Nanostructures 2018, 100, 1-6.
150. Liu, Z.; Xiao, D.; Huang, H.; Zhang, J.; Niu, C., Carve designs of MoS 2 nanostructures by
controlling 3D MoS 2 nanomasks. Inorganic Chemistry Frontiers 2018, 5 (10), 2598-2604.
156

References

151. Bao, D.; Zhang, Q.; Meng, F. L.; Zhong, H. X.; Shi, M. M.; Zhang, Y.; Yan, J. M.; Jiang, Q.;
Zhang, X. B., Electrochemical reduction of N2 under ambient conditions for artificial N2 fixation
and renewable energy storage using N2/NH3 cycle. Advanced Materials 2017, 29 (3), 1604799.
152. Han, J.; Liu, Z.; Ma, Y.; Cui, G.; Xie, F.; Wang, F.; Wu, Y.; Gao, S.; Xu, Y.; Sun, X., Ambient
N2 fixation to NH3 at ambient conditions: Using Nb2O5 nanofiber as a high-performance
electrocatalyst. Nano Energy 2018, 52, 264-270.
153. Han, J.; Ji, X.; Ren, X.; Cui, G.; Li, L.; Xie, F.; Wang, H.; Li, B.; Sun, X., MoO 3 nanosheets
for efficient electrocatalytic N 2 fixation to NH 3. Journal of Materials Chemistry A 2018, 6 (27),
12974-12977.
154. Lv, C.; Qian, Y.; Yan, C.; Ding, Y.; Liu, Y.; Chen, G.; Yu, G., Defect Engineering Metal‐
Free Polymeric Carbon Nitride Electrocatalyst for Effective Nitrogen Fixation under Ambient
Conditions. Angewandte Chemie International Edition 2018, 57 (32), 10246-10250.
155. Shi, M. M.; Bao, D.; Wulan, B. R.; Li, Y. H.; Zhang, Y. F.; Yan, J. M.; Jiang, Q., Au sub‐
nanoclusters on TiO2 toward highly efficient and selective electrocatalyst for N2 conversion to
NH3 at ambient conditions. Advanced Materials 2017, 29 (17), 1606550.
156. Liu, H.-M.; Han, S.-H.; Zhao, Y.; Zhu, Y.-Y.; Tian, X.-L.; Zeng, J.-H.; Jiang, J.-X.; Xia, B.
Y.; Chen, Y., Surfactant-free atomically ultrathin rhodium nanosheet nanoassemblies for
efficient nitrogen electroreduction. Journal of Materials Chemistry A 2018, 6 (7), 3211-3217.
157. Jones, J.; Xiong, H.; DeLaRiva, A. T.; Peterson, E. J.; Pham, H.; Challa, S. R.; Qi, G.; Oh,
S.; Wiebenga, M. H.; Hernández, X. I. P., Thermally stable single-atom platinum-on-ceria
catalysts via atom trapping. Science 2016, 353 (6295), 150-154.
158. Roger, I.; Shipman, M. A.; Symes, M. D., Earth-abundant catalysts for electrochemical and
photoelectrochemical water splitting. Nature Reviews Chemistry 2017, 1 (1), 0003.
159. Luo, Y.; Zhang, S.; Pan, H.; Xiao, S.; Guo, Z.; Tang, L.; Khan, U.; Ding, B.-F.; Li, M.; Cai,
Z., Unsaturated Single Atoms on Monolayer Transition Metal Dichalcogenides for Ultrafast
Hydrogen Evolution. ACS nano 2019.
160. Hinnemann, B.; Moses, P. G.; Bonde, J.; Jørgensen, K. P.; Nielsen, J. H.; Horch, S.;
Chorkendorff, I.; Nørskov, J. K., Biomimetic hydrogen evolution: MoS2 nanoparticles as
catalyst for hydrogen evolution. Journal of the American Chemical Society 2005, 127 (15),
5308-5309.
161. Jaramillo, T. F.; Jørgensen, K. P.; Bonde, J.; Nielsen, J. H.; Horch, S.; Chorkendorff, I.,
Identification of active edge sites for electrochemical H2 evolution from MoS2 nanocatalysts.
science 2007, 317 (5834), 100-102.
162. Karunadasa, H. I.; Montalvo, E.; Sun, Y.; Majda, M.; Long, J. R.; Chang, C. J., A molecular
MoS2 edge site mimic for catalytic hydrogen generation. Science 2012, 335 (6069), 698-702.
163. Wang, H.; Zhang, Q.; Yao, H.; Liang, Z.; Lee, H.-W.; Hsu, P.-C.; Zheng, G.; Cui, Y., High
electrochemical selectivity of edge versus terrace sites in two-dimensional layered MoS2
materials. Nano letters 2014, 14 (12), 7138-7144.
164. Ding, Q.; Song, B.; Xu, P.; Jin, S., Efficient electrocatalytic and photoelectrochemical
hydrogen generation using MoS2 and related compounds. Chem 2016, 1 (5), 699-726.
165. Chhowalla, M.; Shin, H. S.; Eda, G.; Li, L.-J.; Loh, K. P.; Zhang, H., The chemistry of twodimensional layered transition metal dichalcogenide nanosheets. Nature chemistry 2013, 5 (4),
263.
157

References

166. Kappera, R.; Voiry, D.; Yalcin, S. E.; Branch, B.; Gupta, G.; Mohite, A. D.; Chhowalla, M.,
Phase-engineered low-resistance contacts for ultrathin MoS 2 transistors. Nature materials
2014, 13 (12), 1128.
167. Yin, Y.; Han, J.; Zhang, Y.; Zhang, X.; Xu, P.; Yuan, Q.; Samad, L.; Wang, X.; Wang, Y.;
Zhang, Z., Contributions of phase, sulfur vacancies, and edges to the hydrogen evolution
reaction catalytic activity of porous molybdenum disulfide nanosheets. Journal of the American
Chemical Society 2016, 138 (25), 7965-7972.
168. Geng, X.; Sun, W.; Wu, W.; Chen, B.; Al-Hilo, A.; Benamara, M.; Zhu, H.; Watanabe, F.;
Cui, J.; Chen, T.-p., Pure and stable metallic phase molybdenum disulfide nanosheets for
hydrogen evolution reaction. Nature communications 2016, 7, 10672.
169. Chen, X.; Wang, Z.; Wei, Y.; Zhang, X.; Zhang, Q.; Gu, L.; Zhang, L.; Yang, N.; Yu, R.,
High Phase ‐ Purity 1T ‐ MoS2 Ultrathin Nanosheets by Spatial Confined Template.
Angewandte Chemie International Edition 2019.
170. Li, H.; Tsai, C.; Koh, A. L.; Cai, L.; Contryman, A. W.; Fragapane, A. H.; Zhao, J.; Han, H.
S.; Manoharan, H. C.; Abild-Pedersen, F., Activating and optimizing MoS 2 basal planes for
hydrogen evolution through the formation of strained sulphur vacancies. Nature materials 2016,
15 (1), 48.
171. Tsai, C.; Li, H.; Park, S.; Park, J.; Han, H. S.; Nørskov, J. K.; Zheng, X.; Abild-Pedersen,
F., Electrochemical generation of sulfur vacancies in the basal plane of MoS 2 for hydrogen
evolution. Nature communications 2017, 8, 15113.
172. Hong, J.; Hu, Z.; Probert, M.; Li, K.; Lv, D.; Yang, X.; Gu, L.; Mao, N.; Feng, Q.; Xie, L.,
Exploring atomic defects in molybdenum disulphide monolayers. Nature communications 2015,
6, 6293.
173. Li, L.; Qin, Z.; Ries, L.; Hong, S.; Michel, T.; Yang, J.; Salameh, C.; Bechelany, M.; Miele,
P.; Kaplan, D., Role of Sulfur Vacancies and Undercoordinated Mo Regions in MoS2
Nanosheets Towards the Evolution of Hydrogen. ACS nano 2019.
174. Xiong, P.; Zhang, X.; Wan, H.; Wang, S.; Zhao, Y.; Zhang, J.; Zhou, D.; Gao, W.; Ma, R.;
Sasaki, T., Interface Modulation of Two-Dimensional Superlattices for Efficient Overall Water
Splitting. Nano letters 2019.
175. Luo, Y.; Tang, L.; Khan, U.; Yu, Q.; Cheng, H.-M.; Zou, X.; Liu, B., Morphology and surface
chemistry engineering toward pH-universal catalysts for hydrogen evolution at high current
density. Nature communications 2019, 10 (1), 269.
176. Luo, Y.; Li, X.; Cai, X.; Zou, X.; Kang, F.; Cheng, H.-M.; Liu, B., Two-dimensional MoS2
confined Co (OH) 2 electrocatalysts for hydrogen evolution in alkaline electrolytes. ACS nano
2018, 12 (5), 4565-4573.
177. Cheng, N.; Stambula, S.; Wang, D.; Banis, M. N.; Liu, J.; Riese, A.; Xiao, B.; Li, R.; Sham,
T.-K.; Liu, L.-M., Platinum single-atom and cluster catalysis of the hydrogen evolution reaction.
Nature communications 2016, 7, 13638.
178. Yuwen, L.; Xu, F.; Xue, B.; Luo, Z.; Zhang, Q.; Bao, B.; Su, S.; Weng, L.; Huang, W.; Wang,
L., General synthesis of noble metal (Au, Ag, Pd, Pt) nanocrystal modified MoS 2 nanosheets
and the enhanced catalytic activity of Pd–MoS 2 for methanol oxidation. Nanoscale 2014, 6
(11), 5762-5769.
179. Wu, W.; Niu, C.; Wei, C.; Jia, Y.; Li, C.; Xu, Q., Activation of MoS2 Basal Planes for
Hydrogen Evolution by Zinc. Angewandte Chemie 2019, 131 (7), 2051-2055.
158

References

180. Shi,

J., Single-atom Co-doped MoS2 monolayers for highly active biomass

hydrodeoxygenation. Chem 2017, 2 (4), 468-469.
181. Liu, G.; Robertson, A. W.; Li, M. M.-J.; Kuo, W. C.; Darby, M. T.; Muhieddine, M. H.; Lin,
Y.-C.; Suenaga, K.; Stamatakis, M.; Warner, J. H., MoS 2 monolayer catalyst doped with
isolated Co atoms for the hydrodeoxygenation reaction. Nature chemistry 2017, 9 (8), 810.
182. Zhu, Y.; Ramasse, Q. M.; Brorson, M.; Moses, P. G.; Hansen, L. P.; Topsøe, H.;
Kisielowski, C. F.; Helveg, S., Location of Co and Ni promoter atoms in multi-layer MoS2
nanocrystals for hydrotreating catalysis. Catalysis Today 2016, 261, 75-81.
183. Luo, Z.; Ouyang, Y.; Zhang, H.; Xiao, M.; Ge, J.; Jiang, Z.; Wang, J.; Tang, D.; Cao, X.;
Liu, C., Chemically activating MoS 2 via spontaneous atomic palladium interfacial doping
towards efficient hydrogen evolution. Nature communications 2018, 9 (1), 2120.
184. Zhang, X.; Zhou, F.; Zhang, S.; Liang, Y.; Wang, R., Engineering MoS2 Basal Planes for
Hydrogen Evolution via Synergistic Ruthenium Doping and Nanocarbon Hybridization.
Advanced Science 2019, 6 (10), 1900090.
185. Zhao, J.; Zhao, J.; Cai, Q., Single transition metal atom embedded into a MoS 2 nanosheet
as a promising catalyst for electrochemical ammonia synthesis. Physical Chemistry Chemical
Physics 2018, 20 (14), 9248-9255.
186. Lau, T. H.; Wu, S.; Kato, R.; Wu, T.-S.; Kulhavy, J.; Mo, J.; Zheng, J.; Foord, J. S.; Soo,
Y.-L.; Suenaga, K., Engineering monolayer 1T-MoS2 into a bifunctional electrocatalyst via
sonochemical doping of isolated transition metal atoms. ACS Catalysis 2019, 9 (8), 7527-7534.
187. Zhang, L.; Han, L.; Liu, H.; Liu, X.; Luo, J., Potential‐cycling synthesis of single platinum
atoms for efficient hydrogen evolution in neutral media. Angewandte Chemie International
Edition 2017, 56 (44), 13694-13698.
188. Zhang, J.; Zhao, Y.; Guo, X.; Chen, C.; Dong, C.-L.; Liu, R.-S.; Han, C.-P.; Li, Y.; Gogotsi,
Y.; Wang, G., Single platinum atoms immobilized on an MXene as an efficient catalyst for the
hydrogen evolution reaction. Nature Catalysis 2018, 1 (12), 985.
189. Chen, D.; Zhang, X.; Tang, J.; Cui, H.; Li, Y., Noble metal (Pt or Au)-doped monolayer
MoS 2 as a promising adsorbent and gas-sensing material to SO 2, SOF 2 and SO 2 F 2: a
DFT study. Applied Physics A 2018, 124 (2), 194.
190. Mombrú, D.; Faccio, R.; Mombrú, Á. W., Possible doping of single-layer MoS2 with Pt: A
DFT study. Applied Surface Science 2018, 462, 409-416.
191. Li, H.; Wang, S.; Sawada, H.; Han, G. G.; Samuels, T.; Allen, C. S.; Kirkland, A. I.;
Grossman, J. C.; Warner, J. H., Atomic structure and dynamics of single platinum atom
interactions with monolayer MoS2. ACS nano 2017, 11 (3), 3392-3403.
192. Li, S.; Lee, J. K.; Zhou, S.; Pasta, M.; Warner, J. H., Synthesis of Surface Grown Pt
Nanoparticles on Edge-Enriched MoS2 Porous Thin Films for Enhancing Electrochemical
Performance. Chemistry of Materials 2019, 31 (2), 387-397.
193. Sarno, M.; Ponticorvo, E., Much enhanced electrocatalysis of Pt/PtO2 and low platinum
loading Pt/PtO2-Fe3O4 dumbbell nanoparticles. International Journal of Hydrogen Energy
2017, 42 (37), 23631-23638.
194. Sun, K.; Liu, Y.; Pan, Y.; Zhu, H.; Zhao, J.; Zeng, L.; Liu, Z.; Liu, C., Targeted bottom-up
synthesis of 1T-phase MoS 2 arrays with high electrocatalytic hydrogen evolution activity by
simultaneous structure and morphology engineering. Nano Research 2018, 11 (8), 4368-4379.
159

References

195. Barvat, A.; Prakash, N.; Singh, D. K.; Dogra, A.; Khanna, S. P.; Singh, S.; Pal, P., Mixed
Phase Compositions of MoS2 Ultra Thin Film Grown by Pulsed Laser Deposition. Materials
Today: Proceedings 2018, 5 (1), 2241-2245.
196. Zhang, W.; Xie, Z.; Wu, X.; Sun, M.; Deng, X.; Liu, C.; Liu, Z.; Huang, Q., Acid-engineered
defective MoS2 as an efficient electrocatalyst for hydrogen evolution reaction. Materials Letters
2018, 230, 232-235.
197. Li, D.; Li, Y.; Zhang, B.; Lui, Y.; Mooni, S.; Chen, R.; Hu, S.; Ni, H., Insertion of Platinum
Nanoparticles into MoS2 Nanoflakes for Enhanced Hydrogen Evolution Reaction. Materials
2018, 11 (9), 1520.
198. Wang, H.; Xiao, X.; Liu, S.; Chiang, C.-L.; Kuai, X.; Peng, C.-K.; Lin, Y.-C.; Meng, X.; Zhao,
J.; Choi, J., Structural and Electronic Optimization of MoS2 Edges for Hydrogen Evolution.
Journal of the American Chemical Society 2019.
199. Wu, C.; Li, D.; Ding, S.; Rehman, Z. u.; Liu, Q.; Chen, S.; Zhang, B.; Song, L., Monoatomic
Platinum Anchored Metallic MoS2: Correlation between Surface Dopant and Hydrogen
Evolution. The journal of physical chemistry letters 2019.
200. Bao, T.; Song, L.; Zhang, S., Synthesis of carbon quantum dot-doped NiCoP and
enhanced electrocatalytic hydrogen evolution ability and mechanism. Chemical Engineering
Journal 2018, 351, 189-194.
201. Yu, X.-Y.; Feng, Y.; Guan, B.; Lou, X. W. D.; Paik, U., Carbon coated porous nickel
phosphides nanoplates for highly efficient oxygen evolution reaction. Energy & Environmental
Science 2016, 9 (4), 1246-1250.
202. Ding, W.; Hu, L.; Dai, J.; Tang, X.; Wei, R.; Sheng, Z.; Liang, C.; Shao, D.; Song, W.; Liu,
Q., Highly Ambient-Stable 1T-MoS2 and 1T-WS2 by Hydrothermal Synthesis under High
Magnetic Fields. ACS nano 2019, 13 (2), 1694-1702.
203. Zaman, S. F.; Pasupulety, N.; Al-Zahrani, A. A.; Daous, M. A.; Al-Shahrani, S. S.; Driss,
H.; Petrov, L. A.; Smith, K. J., Carbon monoxide hydrogenation on potassium promoted Mo2N
catalysts. Applied Catalysis A: General 2017, 532, 133-145.
204. Hao, W.; Wu, R.; Huang, H.; Ou, X.; Wang, L.; Sun, D.; Ma, X.; Guo, Y., Fabrication of
practical catalytic electrodes using insulating and eco-friendly substrates for overall water
splitting. Energy & Environmental Science 2019.
205. Jiao, Y.; Zheng, Y.; Davey, K.; Qiao, S.-Z., Activity origin and catalyst design principles for
electrocatalytic hydrogen evolution on heteroatom-doped graphene. Nature Energy 2016, 1
(10), 16130.
206. Yang, Z.; Zhao, C.; Qu, Y.; Zhou, H.; Zhou, F.; Wang, J.; Wu, Y.; Li, Y., Trifunctional Self‐
Supporting Cobalt‐Embedded Carbon Nanotube Films for ORR, OER, and HER Triggered by
Solid Diffusion from Bulk Metal. Advanced Materials 2019, 31 (12), 1808043.
207. Luo, W. B.; Gao, X. W.; Chou, S. L.; Wang, J. Z.; Liu, H. K., Porous AgPd–Pd Composite
Nanotubes as Highly Efficient Electrocatalysts for Lithium–Oxygen Batteries. Advanced
materials 2015, 27 (43), 6862-6869.
208. Nie, Y.; Li, L.; Wei, Z., Recent advancements in Pt and Pt-free catalysts for oxygen
reduction reaction. Chemical Society Reviews 2015, 44 (8), 2168-2201.
209. Lin, R.; Cai, X.; Zeng, H.; Yu, Z., Stability of High‐Performance Pt‐Based Catalysts for
Oxygen Reduction Reactions. Advanced Materials 2018, 30 (17), 1705332.
160

References

210. Li, D.; Wang, C.; Strmcnik, D. S.; Tripkovic, D. V.; Sun, X.; Kang, Y.; Chi, M.; Snyder, J.
D.; van der Vliet, D.; Tsai, Y., Functional links between Pt single crystal morphology and
nanoparticles with different size and shape: the oxygen reduction reaction case. Energy &
Environmental Science 2014, 7 (12), 4061-4069.
211. Lao, M.; Rui, K.; Zhao, G.; Cui, P.; Zheng, X.; Dou, S. X.; Sun, W., Platinum/Nickel
Bicarbonate Heterostructures towards Accelerated Hydrogen Evolution under Alkaline
Conditions. Angewandte Chemie International Edition 2019, 58 (16), 5432-5437.
212. Li, K.; Li, Y.; Wang, Y.; Ge, J.; Liu, C.; Xing, W., Enhanced electrocatalytic performance
for the hydrogen evolution reaction through surface enrichment of platinum nanoclusters
alloying with ruthenium in situ embedded in carbon. Energy & Environmental Science 2018, 11
(5), 1232-1239.
213. Kasian, O.; Grote, J. P.; Geiger, S.; Cherevko, S.; Mayrhofer, K. J., The common
intermediates of oxygen evolution and dissolution reactions during water electrolysis on iridium.
Angewandte Chemie International Edition 2018, 57 (9), 2488-2491.
214. Alia, S. M.; Shulda, S.; Ngo, C.; Pylypenko, S.; Pivovar, B. S., Iridium-based nanowires as
highly active, oxygen evolution reaction electrocatalysts. ACS Catalysis 2018, 8 (3), 2111-2120.
215. Li, H.; Li, Q.; Wen, P.; Williams, T. B.; Adhikari, S.; Dun, C.; Lu, C.; Itanze, D.; Jiang, L.;
Carroll, D. L., Colloidal cobalt phosphide nanocrystals as trifunctional electrocatalysts for
overall water splitting powered by a zinc–air battery. Advanced Materials 2018, 30 (9), 1705796.
216. Gao, X.-W.; Yang, J.; Song, K.; Luo, W.-B.; Dou, S.-X.; Kang, Y.-M., Robust FeCo
nanoparticles embedded in a N-doped porous carbon framework for high oxygen conversion
catalytic activity in alkaline and acidic media. Journal of Materials Chemistry A 2018, 6 (46),
23445-23456.
217. Zheng, X.; Chen, Y.; Zheng, X.; Zhao, G.; Rui, K.; Li, P.; Xu, X.; Cheng, Z.; Dou, S. X.;
Sun,

W., Electronic Structure Engineering of LiCoO2 toward Enhanced Oxygen

Electrocatalysis. Advanced Energy Materials 2019, 9 (16), 1803482.
218. Wang, J.; Wei, Z.; Mao, S.; Li, H.; Wang, Y., Highly uniform Ru nanoparticles over N-doped
carbon: pH and temperature-universal hydrogen release from water reduction. Energy &
Environmental Science 2018, 11 (4), 800-806.
219. Xu, J.; Liu, T.; Li, J.; Li, B.; Liu, Y.; Zhang, B.; Xiong, D.; Amorim, I.; Li, W.; Liu, L., Boosting
the hydrogen evolution performance of ruthenium clusters through synergistic coupling with
cobalt phosphide. Energy & Environmental Science 2018, 11 (7), 1819-1827.
220. Laha, S.; Lee, Y.; Podjaski, F.; Weber, D.; Duppel, V.; Schoop, L. M.; Pielnhofer, F.;
Scheurer, C.; Müller, K.; Starke, U., Ruthenium Oxide Nanosheets for Enhanced Oxygen
Evolution Catalysis in Acidic Medium. Advanced Energy Materials 2019, 9 (15), 1803795.
221. Xu, H.; Cheng, D.; Cao, D.; Zeng, X. C., A universal principle for a rational design of singleatom electrocatalysts. Nature Catalysis 2018, 1 (5), 339.
222. Li, Y.; Zhang, Q.; Li, C.; Fan, H.-N.; Luo, W.-B.; Liu, H.-K.; Dou, S.-X., Atomically dispersed
metal dimer species with selective catalytic activity for nitrogen electrochemical reduction.
Journal of Materials Chemistry A 2019, 7 (39), 22242-22247.
223. Calle-Vallejo, F.; Loffreda, D.; Koper, M. T.; Sautet, P., Introducing structural sensitivity
into adsorption–energy scaling relations by means of coordination numbers. Nature chemistry
2015, 7 (5), 403.
161

References

224. Deng, D.; Novoselov, K.; Fu, Q.; Zheng, N.; Tian, Z.; Bao, X., Catalysis with twodimensional materials and their heterostructures. Nature nanotechnology 2016, 11 (3), 218.
225. Mahmood, J.; Li, F.; Jung, S.-M.; Okyay, M. S.; Ahmad, I.; Kim, S.-J.; Park, N.; Jeong, H.
Y.; Baek, J.-B., An efficient and pH-universal ruthenium-based catalyst for the hydrogen
evolution reaction. Nature nanotechnology 2017, 12 (5), 441.
226. Chen, C. H.; Wu, D.; Li, Z.; Zhang, R.; Kuai, C. G.; Zhao, X. R.; Dong, C. K.; Qiao, S. Z.;
Liu, H.; Du, X. W., Ruthenium‐Based Single‐Atom Alloy with High Electrocatalytic Activity
for Hydrogen Evolution. Advanced Energy Materials 2019, 9 (20), 1803913.
227. Xiao, M.; Gao, L.; Wang, Y.; Wang, X.; Zhu, J.; Jin, Z.; Liu, C.; Chen, H.; Li, G.; Ge, J.,
Engineering energy level of metal center: Ru single-atom site for efficient and durable oxygen
reduction catalysis. Journal of the American Chemical Society 2019.
228. Wang, Z. L.; Sun, K.; Henzie, J.; Hao, X.; Li, C.; Takei, T.; Kang, Y. M.; Yamauchi, Y.,
Spatially confined assembly of monodisperse ruthenium nanoclusters in a hierarchically
ordered carbon electrode for efficient hydrogen evolution. Angewandte Chemie International
Edition 2018, 57 (20), 5848-5852.
229. Yang, Y.; Lin, Z.; Gao, S.; Su, J.; Lun, Z.; Xia, G.; Chen, J.; Zhang, R.; Chen, Q., Tuning
electronic structures of nonprecious ternary alloys encapsulated in graphene layers for
optimizing overall water splitting activity. ACS Catalysis 2016, 7 (1), 469-479.
230. Ye, W.; Chen, S.; Lin, Y.; Yang, L.; Chen, S.; Zheng, X.; Qi, Z.; Wang, C.; Long, R.; Chen,
M., Precisely tuning the number of Fe atoms in clusters on N-doped carbon toward acidic
oxygen reduction reaction. Chem 2019, 5 (11), 2865-2878.
231. Han, J.; Meng, X.; Lu, L.; Bian, J.; Li, Z.; Sun, C., Single‐Atom Fe‐Nx‐C as an Efficient
Electrocatalyst for Zinc–Air Batteries. Advanced Functional Materials 2019, 1808872.
232. Yang, Z.; Wang, Y.; Zhu, M.; Li, Z.; Chen, W.; Wei, W.; Yuan, T.; Qu, Y.; Xu, Q.; Zhao, C.,
Boosting Oxygen Reduction Catalysis with Fe–N4 Sites Decorated Porous Carbons toward
Fuel Cells. ACS Catalysis 2019, 9 (3), 2158-2163.
233. Qu, Y.; Wang, L.; Li, Z.; Li, P.; Zhang, Q.; Lin, Y.; Zhou, F.; Wang, H.; Yang, Z.; Hu, Y.,
Ambient Synthesis of Single‐Atom Catalysts from Bulk Metal via Trapping of Atoms by
Surface Dangling Bonds. Advanced Materials 2019, 31 (44), 1904496.
234. Su, C. Y.; Cheng, H.; Li, W.; Liu, Z. Q.; Li, N.; Hou, Z.; Bai, F. Q.; Zhang, H. X.; Ma, T. Y.,
Atomic modulation of FeCo–nitrogen–carbon bifunctional oxygen electrodes for rechargeable
and flexible all ‐ solid ‐ state zinc–air battery. Advanced Energy Materials 2017, 7 (13),
1602420.
235. Li, M.; Liu, T.; Bo, X.; Zhou, M.; Guo, L., A novel flower-like architecture of FeCo@ NCfunctionalized ultra-thin carbon nanosheets as a highly efficient 3D bifunctional electrocatalyst
for full water splitting. Journal of Materials Chemistry A 2017, 5 (11), 5413-5425.
236. Nandan, R.; Gautam, A.; Nanda, K. K., Anthocephalus cadamba shaped FeNi
encapsulated carbon nanostructures for metal–air batteries as a resilient bifunctional oxygen
electrocatalyst. Journal of Materials Chemistry A 2018, 6 (41), 20411-20420.
237. Pan, Y.; Liu, S.; Sun, K.; Chen, X.; Wang, B.; Wu, K.; Cao, X.; Cheong, W. C.; Shen, R.;
Han, A., A Bimetallic Zn/Fe Polyphthalocyanine‐Derived Single‐Atom Fe‐N4 Catalytic Site:
A Superior Trifunctional Catalyst for Overall Water Splitting and Zn–Air Batteries. Angewandte
Chemie International Edition 2018, 57 (28), 8614-8618.
162

References

238. Guo, H.-P.; Gao, X.-W.; Yu, N.-F.; Zheng, Z.; Luo, W.-B.; Wu, C.; Liu, H.-K.; Wang, J.-Z.,
Metallic state two-dimensional holey-structured Co 3 FeN nanosheets as stable and
bifunctional electrocatalysts for zinc–air batteries. Journal of Materials Chemistry A 2019, 7 (46),
26549-26556.
239. Zhang, J.; Zhao, Z.; Xia, Z.; Dai, L., A metal-free bifunctional electrocatalyst for oxygen
reduction and oxygen evolution reactions. Nature nanotechnology 2015, 10 (5), 444.
240. Nørskov, J. K.; Rossmeisl, J.; Logadottir, A.; Lindqvist, L.; Kitchin, J. R.; Bligaard, T.;
Jónsson, H., Origin of the Overpotential for Oxygen Reduction at a Fuel-Cell Cathode. The
Journal of Physical Chemistry B 2004, 108 (46), 17886-17892.
241. Greeley, J.; Jaramillo, T. F.; Bonde, J.; Chorkendorff, I.; Nørskov, J. K., Computational
high-throughput screening of electrocatalytic materials for hydrogen evolution. Nature Materials
2006, 5, 909.
242. Rossmeisl, J.; Qu, Z. W.; Zhu, H.; Kroes, G. J.; Nørskov, J. K., Electrolysis of water on
oxide surfaces. J. Electroanal. Chem. 2007, 607 (1), 83-89.
243. Chen, Y.; Ji, S.; Wang, Y.; Dong, J.; Chen, W.; Li, Z.; Shen, R.; Zheng, L.; Zhuang, Z.;
Wang, D., Isolated single iron atoms anchored on N‐doped porous carbon as an efficient
electrocatalyst for the oxygen reduction reaction. Angewandte Chemie International Edition
2017, 56 (24), 6937-6941.
244. Byon, H. R.; Suntivich, J.; Crumlin, E. J.; Shao-Horn, Y., Fe–N-modified multi-walled
carbon nanotubes for oxygen reduction reaction in acid. Physical Chemistry Chemical Physics
2011, 13 (48), 21437-21445.
245. Vinoth, R.; Babu, S. G.; Bharti, V.; Gupta, V.; Navaneethan, M.; Bhat, S. V.;
Muthamizhchelvan, C.; Ramamurthy, P. C.; Sharma, C.; Aswal, D. K., Ruthenium based
metallopolymer grafted reduced graphene oxide as a new hybrid solar light harvester in polymer
solar cells. Scientific reports 2017, 7, 43133.
246. Ataee ‐ Esfahani, H.; Nemoto, Y.; Imura, M.; Yamauchi, Y., Facile synthesis of
nanoporous Pt–Ru alloy spheres with various compositions toward highly active
electrocatalysts. Chemistry–An Asian Journal 2012, 7 (5), 876-880.

163

Appendix A: Publications

Appendix A: Publications
1. Fan, H. N., Zhang, Q., Gu, Q. F., Li, Y., Luo, W. B., & Liu, H. K. (2019).
Exploration of the sodium ion ordered transfer mechanism in a MoSe2@ Graphene
composite for superior rate and lifespan performance. Journal of Materials
Chemistry A, 7(22), 13736-13742.
2. Zhang, Q., Gu, Q. F., Li, Y., Fan, H. N., Luo, W. B., Liu, H. K., & Dou, S. X.
(2019). Surface Stabilization of O3-type Layered Oxide Cathode to Protect the
Anode of Sodium Ion Batteries for Superior Lifespan. iScience, 19, 244-254.
3. Li, Y., Zhang, Q., Li, C., Fan, H. N., Luo, W. B., Liu, H. K., & Dou, S. X. (2019).
Atomically dispersed metal dimer species with selective catalytic activity for
nitrogen electrochemical reduction. Journal of Materials Chemistry A, 7(39),
22242-22247.
4. Li, Y., Gu, Q. F., Zheng, Z., Li, C., Liu, B. L., Liu, H. K., & Dou, S. X. (2019).
Electrochemical Activation of MoS2 via Potential-Cycling Pt doping for Efficient
HER, Nano Energy, under review.
5. Li, Y., Zhang, Q., Li, C., Fan, H. N., Luo, W. B., Liu, H. K., & Dou, S. X. (2019).
Atomically dispersed metal dimer species with selective catalytic activity for
nitrogen electrochemical reduction. Advanced Functional Material, under revision.
6. Li, Y., Zhang, Q., Li, C., Fan, H. N., Luo, W. B., Liu, H. K., & Dou, S. X. (2019).
Combining theory and experiment in electrolycatalysis: Rational design strategies
for nitrogen reduction, to be submitted.
164

Appendix A: Publications

7. Li, Y., Zheng, Z., Li, C., Liu, B. L., Liu, H. K., & Dou, S. X. (2020). Unveiling the
high-activity origin of Single-Atom Catalyst for Oxygen Reduction Reaction
“Metal-NC” or “Metal-CN”, to be submitted.
8. Li, Y., Zheng, Z., Li, C., Liu, B. L., Liu, H. K., & Dou, S. X. (2020). Determination
of active site of Ru-based HER catalyst: single atom, dimer, or cluster?, in
preparation.
9. Li, Y., Zheng, Z., Li, C., Liu, B. L., Liu, H. K., & Dou, S. X. (2020). Atomic and
Electronic Modulation of MoS2 to Accelerate ENRR, in preparation.

165

166

